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Abstract 


Neurotoxic  agents  or  trauma  can  produce  direct  brain  damage  or  seizures  resulting  in  neuronal 
cell  death.  Recent  evidence  indicates  that  the  gonadal  steroid  progesterone  greatly  attenuates  the 
excito toxicity  that  leads  to  neuronal  cell  loss.  However,  surprisingly  little  is  known  of  the 
mechanism  for  this  effect.  The  working  hypothesis  for  the  proposed  studies  is  that  the  ovarian 
honnone,  progesterone,  either  alone  or  through  its  metabolites,  can  protect  or  intervene  against 
brain  injury  and  that  one  mechanism  of  neuroprotection  involves  up  regulation  of 
mitochondrial  genes.  The  specific  hypotheses  to  be  tested  are:  1 .  Progesterone  per  se  protects 
against  neuronal  death  caused  by  status  epilepticus  in  vivo  and  by  NMDA-induced  death  of 
cerebellar  granule  neurons  in  vitro.  2.  Excito  toxic  levels  of  glutamate  down-regulate  the 
expression  of  mitochondrial  genes  in  vitro  and  in  vivo  leading  to  greater  vulnerability  to  injury. 
3.  Progesterone  up-regulates  mitochondrial  gene  expression,  hence  increasing  the  resistance  of 
neurons  to  excitoxicity.  Methods  to  be  used  include  kainate-induced  seizures  in  intact  or 
ovariectomized  rats,  exposure  of  primary  cultures  of  cerebellar  neurons  to  NMDA,  histological 

assessment  of  necrotic  and  apoptotic  cell  death,  measurements  of  cytochrome  oxidase  gene 

2+ 

expression,  and  in  vitro  measurements  of  mitochondrial  electron  transport,  respiration,  Ca" 
transport,  and  cytochrome-c  release.  The  significance  of  these  studies  is  that  they  will  provide 
further  evidence  that  progesterone  possesses  neuroprotective  properties  relevant  to  military- 
related  brain  injury  and  that  regulation  of  mitochondrial  gene  expression  is  one  mechanism  by 
which  the  vulnerability  of  neurons  to  excitotoxicity  can  be  controlled. 
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1.  INTRODUCTION:  Narrative  that  briefly  (one  paragraph)  describes  the  subject,  purpose 
and  scope  of  the  research. 

Neurotoxic  agents  or  trauma  can  produce  direct  brain  damage  or  seizures  resulting  in  neuronal 
cell  death.  Recent  evidence  indicates  that  the  gonadal  steroid  progesterone  greatly  attenuates  the 
excitotoxicity  that  leads  to  neuronal  cell  loss.  However,  surprisingly  little  is  known  of  the 
mechanism  for  this  effect.  The  purpose  of  this  project  was  to  both  explore  the  ability  of 
progesterone  to  provide  neuroprotection  and  to  determine  if  mitochondria  are  a  target  of  action 
by  progesterone.  Research  was  performed  with  rat  models  of  acute  brain  injury  caused  by  either 
status  epilepticus  or  head  trauma.  Additional,  more  basic  research  was  performed  with  isolated 
brain  mitochondria. 

2.  KEYWORDS:  Provide  a  brief  list  of  keywords 

Steroid,  hormones,  neuron,  apoptosis,  mitochondria,  excitoxicity,  calcium,  cytochrome  c, 
traumatic  brain  injury,  respiration,  methoxychlor,  apoptosis 

3.  OVERALL  PROJECT  SUMMARY: 

1.  Starkov,  A. A.,  Polster,  B.M.,  and  Fiskum,  G.,  Regulation  of  mitochondrial  reactive  oxygen 
species  generation  by  calcium  and  Bax.,  J.  Neurochem.  83,  220-228  (2002). 

(PMID:  12358746) 

Abnormal  accumulation  of  Ca2+  and  exposure  to  pro-apoptotic  proteins,  such  as  Bax,  is  believed 
to  stimulate  mitochondrial  generation  of  reactive  oxygen  species  (ROS)  and  contribute  to  neural 
cell  death  during  acute  ischemic  and  traumatic  brain  injury,  and  in  neurodegenerative  diseases, 
e.g.  Parkinson’s  disease.  The  results  obtained  from  this  study  indicate  that  in  the  presence  of 
ATP  and  Mg2+,  Ca2+  accumulation  either  inhibits  or  stimulates  mitochondrial  H202 
production,  depending  on  the  respiratory  substrate  and  the  effect  of  Ca2+  on  the  mitochondrial 
membrane  potential.  Bax  plus  a  BH3  domain  peptide  stimulate  H202  production  by  brain 
mitochondria  due  to  release  of  cytochrome  c  and  this  stimulation  is  insensitive  to  changes  in 
membrane  potential.  These  results  relate  to  the  mechanisms  of  neuroprotection  by  progesterone 
since  we  and  others  found  that  progesterone  increases  expression  of  Bcl2,  which  we  have  shown 
substantially  reduces  mitochondrial  sensitivity  to  Ca2+-induced  damage  and  to  Bax-induced 
H2Q2  production. 

2.  Starkov,  A. A.  and  Fiskum,  G.,  Regulation  of  brain  mitochondrial  H2O2  production  by 
membrane  potential  and  NAD(P)H  redox  state,  J.  Neurochem.  86:  1101-1107  (2003). 
(PMID:12911618) 

Mitochondrial  production  of  reactive  oxygen  species  (ROS)  at  Complex  I  of  the  electron 
transport  chain  is  implicated  in  the  etiology  of  neural  cell  death  in  acute  and  chronic 
neurodegenerative  disorders.  However,  little  is  known  regarding  the  regulation  of  mitochondrial 
ROS  production  by  NADH-linked  respiratory  substrates  under  physiologically  realistic 
conditions  in  the  absence  of  respiratory  chain  inhibitors.  Our  findings  indicate  that  ROS 
production  by  mitochondria  oxidizing  physiological  NADH-dependent  substrates  is  regulated  by 
membrane  potential  and  by  the  NAD(P)H  redox  state  over  ranges  consistent  with  those  that  exist 


at  different  levels  of  cellular  energy  demand.  The  significance  of  these  results  is  that  they  support 
the  hypothesis  that  increased  mental  activity  and  associated  oxidative  cerebral  energy 
metabolism  reduce  mitochondrial  ROS  formation  and  associated  oxidative  stress.  This 
relationship  may  be  the  reason  why  people  who  are  mentally  very  active  as  they  grow  old  appear 
to  have  a  lower  incidence  of  Alzheimer’s  disease. 


3.  Hoffman,  G.E.,  Moore,  N.,  Fiskum,  G.,  and  Murphy,  A.Z.,  Ovarian  steroid  modulation  of 
seizure  severity  and  hippocampal  cell  death  after  kainic  acid  treatment,  Exp.  Neurol.  182: 
124-134  (2003).  (PMID:  12821382) 

To  determine  whether  maintained  estrogen  or  progesterone  levels  affect  kainic  acid  (KA)  seizure 
patterns  or  the  susceptibility  of  hippocampal  neurons  to  death  from  seizures,  ovariectomized 
Sprague-Dawley  rats  were  implanted  with  estrogen  pellets  or  progesterone  capsules  that 
generated  different  serum  hormone  levels.  Seven  days  later,  the  rats  were  administered  kainic 
acid  and  scored  for  seizure  activity;  96  h  later,  the  rats  were  killed  and  their  brains  processed  for 
localization  of  neuron  nuclear  antigen  (NeuN),  a  general  neuronal  marker.  The  results  obtained 
from  this  study  are  consistent  with  the  hypothesis  that  progesterone  produces  its  neuroprotective 
effects  by  reducing  seizures,  whereas  estrogen  has  little  beneficial  effect  on  seizure  behavior  but 
protects  the  hippocampus  from  the  damage  seizures  produce.  This  is  one  of  the  two  most 
important  studies  documenting  neuroprotection  by  progesterone  that  was  supported  by  this  grant. 
In  addition  to  blocking  status  epilepticus,  progesterone  may  inhibit  seizure  activity  associated 
with  traumatic  brain  injury  or  exposure  to  nerve  agents. 

4.  Fiskum,  G.,  Starkov,  A.,  Polster,  B.M.,  and  Chinopoulos,  C.,  Mitochondrial  mechanisms  of 
neural  cell  death  and  neuroprotective  interventions  in  Parkinson’s  disease,  Ann.  NY  Acad. 
Sci.  991:  111-119  (2003).  (PMID:  12846980) 

Mitochondrial  dysfunction,  due  to  either  environmental  or  genetic  factors,  can  result  in  excessive 
production  of  reactive  oxygen  species,  triggering  the  apoptotic  death  of  dopaminergic  cells  in 
Parkinson’s  disease.  Mitochondrial  free  radical  production  is  promoted  by  the  inhibition  of 
electron  transport  at  any  point  distal  to  the  sites  of  superoxide  production.  Neurotoxins  that 
induce  parkinsonian  neuropathology,  such  as  MPP(+)  and  rotenone,  stimulate  superoxide 
production  at  complex  I  of  the  electron  transport  chain  and  also  stimulate  free  radical  production 
at  proximal  redox  sites  including  mitochondrial  matrix  dehydrogenases.  The  oxidative  stress 
caused  by  elevated  mitochondrial  production  of  reactive  oxygen  species  promotes  the  expression 
and  (or)  intracellular  distribution  of  the  proapoptotic  protein  Bax  to  the  mitochondrial  outer 
membrane.  Interactions  between  Bax  and  BH3  death  domain  proteins  such  as  tBid  result  in  Bax 
membrane  integration,  oligomerization,  and  permeabilization  of  the  outer  membrane  to 
intermembrane  proteins  such  as  cytochrome  c.  Once  released  into  the  cytosol,  cytochrome  c 
together  with  other  proteins  activates  the  caspase  cascade  of  protease  activities  that  mediate  the 
biochemical  and  morphological  alterations  characteristic  of  apoptosis.  In  addition,  loss  of 
mitochondrial  cytochrome  c  stimulates  mitochondrial  free  radical  production,  further  promoting 
cell  death  pathways.  Excessive  mitochondrial  Ca(2+)  accumulation  can  also  release  cytochrome 
c  and  promote  superoxide  production  through  a  mechanism  distinctly  different  from  that  of  Bax. 
Ca(2+)  activates  a  mitochondrial  inner  membrane  permeability  transition  causing  osmotic 
swelling,  rupture  of  the  outer  membrane,  and  complete  loss  of  mitochondrial  structural  and 


functional  integrity.  While  amphiphilic  cations,  such  as  dibucaine  and  propranolol,  inhibit  Bax- 
mediated  cytochrome  c  release,  transient  receptor  potential  channel  inhibitors  inhibit 
mitochondrial  swelling  and  cytochrome  c  release  induced  by  the  inner  membrane  permeability 
transition.  These  advances  in  the  knowledge  of  mitochondrial  cell  death  mechanisms  and  their 
inhibitors  may  lead  to  neuroprotective  interventions  applicable  to  Parkin  son  s's  disease.  This 
review  article  provides  important  new  insights  into  mitochondrial  mechanisms  of  Parkinson’s 
disease  and  brain  injury  caused  by  neurotoxins. 

5.  Fiskum,  G.,  Rosenthal,  R.E.,  Vereczki,  V.,  Martin,  E.,  Hoffman,  G.E.,  Chinopoulos,  C.,  and 
Kowaltowski,  A.,  Protection  against  ischemic  brain  injury  by  inhibition  of  mitochondrial 
oxidative  stress,  J.  Bioenerg.  Biomemb.  36:  347-352  (2004).  (PMID:  15377870) 

Mitochondria  are  both  targets  and  sources  of  oxidative  stress.  This  dual  relationship  is 
particularly  evident  in  experimental  paradigms  modeling  ischemic  brain  injury.  One 
mitochondrial  metabolic  enzyme  that  is  particularly  sensitive  to  oxidative  inactivation  is 
pyruvate  dehydrogenase.  This  reaction  is  extremely  important  in  the  adult  CNS  that  relies  very 
heavily  on  carbohydrate  metabolism,  as  it  represents  the  sole  bridge  between  anaerobic  and 
aerobic  metabolism.  Oxidative  injury  to  this  enzyme  and  to  other  metabolic  enzymes  proximal  to 
the  electron  transport  chain  may  be  responsible  for  the  oxidized  shift  in  cellular  redox  state  that 
is  observed  during  approximately  the  first  hour  of  cerebral  reperfusion.  In  addition  to  impairing 
cerebral  energy  metabolism,  oxidative  stress  is  a  potent  activator  of  apoptosis.  The  mechanisms 
responsible  for  this  activation  are  poorly  understood  but  likely  involve  the  expression  of  p53  and 
possibly  direct  effects  of  reactive  oxygen  species  on  mitochondrial  membrane  proteins  and 
lipids.  Mitochondria  also  normally  generate  reactive  oxygen  species  and  contribute  significantly 
to  the  elevated  net  production  of  these  destructive  agents  during  reperfusion.  Approaches  to 
inhibiting  pathologic  mitochondrial  generation  of  reactive  oxygen  species  include  mild 
uncoupling,  pharmacologic  inhibition  of  the  membrane  permeability  transition,  and  simply 
lowering  the  concentration  of  inspired  oxygen.  Anti-death  mitochondrial  proteins  of  the  Bcl-2 
family  also  confer  cellular  resistance  to  oxidative  stress,  paradoxically  through  stimulation  of 
mitochondrial  free  radical  generation  and  secondary  up-regulation  of  antioxidant  gene 
expression.  This  review  article  focuses  on  oxidative  damage  and  inactivation  of  the  pyruvate 
dehydrogenase  complex,  which  is  strongly  implicated  in  the  pathophysiology  of  both  acute  brain 
injury  and  neurode generative  diseases. 

6.  Starkov,  A. A.,  Fiskum,  G.,  Chinopoulos,  C.,  Lorenzo,  B.J.,  Browne,  S.E.,  Patel,  M.S.,  and 
Beal,  M.F.,  Mitochondrial  alpha-ketoglutarate  dehydrogenase  complex  generates  reactive 
oxygen  species,  J.  Neurosci.  24:  7779-7788  (2004).  (PMID:  15356189) 

Mitochondria-produced  reactive  oxygen  species  (ROS)  are  thought  to  contribute  to  cell  death 
caused  by  a  multitude  of  pathological  conditions.  The  molecular  sites  of  mitochondrial  ROS 
production  are  not  well  established  but  are  generally  thought  to  be  located  in  complex  I  and 
complex  III  of  the  electron  transport  chain.  Isolated  mitochondrial  alpha-ketoglutarate 
dehydrogenase  (KGDHC)  and  pyruvate  dehydrogenase  (PDHC)  complexes  produced  superoxide 
and  H202.  NAD(+)  inhibited  ROS  production  by  the  isolated  enzymes  and  by  permeabilized 
mitochondria.  We  also  measured  H202  production  by  brain  mitochondria  isolated  from 
heterozygous  knock-out  mice  deficient  in  dihydro lipoyl  dehydrogenase  (Did).  Although  this 


enzyme  is  a  part  of  both  KGDHC  and  PDHC,  there  was  greater  impairment  of  KGDHC  activity 
in  Dld-deficient  mitochondria.  These  mitochondria  also  produced  significantly  less  H202  than 
mitochondria  isolated  from  their  littermate  wild-type  mice.  The  data  strongly  indicate  that 
KGDHC  is  a  primary  site  of  ROS  production  in  normally  functioning  mitochondria.  This 
ground-breaking  article  provides  evidence  against  the  dogma  that  mitochondrial  ROS  formation 
occurs  exclusively  within  the  electron  transport  chain.  This  study  is  the  first  to  provide  strong 
evidence  that  the  Kreb’s  cycle  enzyme,  alpha  ketoglutarate  dehydrogenase  complex,  is  as  or 
more  important  a  source  of  ROS  than  the  electron  transport  chain.  This  finding  is  very  important 
to  understanding  the  molecular  pathophysiology  of  neurodegeneration. 

7.  Polster,  B.M.  and  Fiskum,  G.,  Mitochondrial  mechanisms  of  neural  cell  apoptosis,  J. 
Neurochem.  90:  1281-89  (2004).  (PMID:  15341512) 

The  importance  of  calcium  overload,  mitochondrial  dysfunction,  and  free  radical  generation  to 
neuropathological  processes  has  been  recognized  for  many  years.  Only  more  recently  has 
evidence  accumulated  that  the  programmed  cell  death  process  of  apoptosis  plays  an  integral  role 
not  only  in  the  development  of  the  nervous  system,  but  in  the  loss  of  cells  following  acute 
neurological  insults  and  chronic  disease.  In  1996  came  the  landmark  discovery  that  cytochrome 
c,  an  evolutionary  old  and  essential  component  of  the  respiratory  chain,  has  a  second  and  deadly 
function  when  it  escapes  the  mitochondrion:  triggering  the  cell  death  cascade.  A  flurry  of  activity 
has  since  ensued  in  an  effort  to  understand  the  mechanistic  events  associated  with  mitochondrial 
permeabilization  during  apoptosis  and  regulation  by  an  enigmatic  family  of  proteins 
characterized  by  homology  to  the  proto-oncogene  Bcl-2.  This  review  discusses  the  evidence  for 
various  release  mechanisms  of  apoptotic  proteins  (e.g.  cytochrome  c)  from  neural  cell 
mitochondria,  focusing  particularly  on  roles  for  calcium,  Bax,  p53,  and  oxidative  stress.  The 
need  for  new  drugs  that  act  at  the  level  of  the  mitochondrion  to  prevent  apoptosis  is  also 
highlighted.  This  review  article  provides  an  overview  of  mitochondrial  mechanisms  of  apoptosis 
and  targets  for  neuroprotective  interventions. 

8.  Chinopoulos,  C.,  Gerencser,  A.A.,  Doczi,  J.,  Fiskum,  G.,  and  Adam-Vizi.  V.,  Inhibition  of 
glutamate -induced  delayed  calcium  deregulation  by  2-APB  and  La3+  in  cultured  cortical 
neurons,  J.  Neurochem.  91:  471-483  (2004).  (PMID:  15447680) 

Exposure  of  neurones  in  culture  to  excitotoxic  levels  of  glutamate  results  in  an  initial  transient 
spike  in  [Ca2+]i  followed  by  a  delayed,  irreversible  [Ca2+]i  rise  governed  by  rapid  kinetics,  with 
Ca2+  originating  from  the  extracellular  medium.  The  molecular  mechanism  responsible  for  the 
secondary  Ca2+  rise  is  unknown.  Our  results  indicate  that  2-APB  and  La3+  influence  non-store- 
operated  Ca2+  influx  in  cortical  neurones  and  that  this  route  of  Ca2+  entry  is  involved  in 
glutamate-induced  delayed  Ca2+  deregulation.  This  study  describes  a  new  mechanism  by  which 
exposure  of  mitochondria  to  elevated  Ca2+  causes  bioenergetics  failure.  Since  Ca2+-induced 
mitochondrial  damage  is  central  to  neuronal  cell  death,  these  findings  contribute  to  the 
understanding  of  neurodegeneration,  providing  direction  toward  neuroprotective  drug 
development. 


9.  Kowaltowski,  A  J.,  Fenton,  R.G.,  and  Fiskum,  G.,  Bcl-2  family  proteins  regulate 
mitochondrial  reactive  oxygen  production  and  protect  against  oxidative  stress,  Free  Rad. 

Biol.  Med.  37:  1845-1853  (2004).  (PMID:  15538043) 

Bcl-2  family  proteins  protect  against  a  variety  of  forms  of  cell  death,  including  acute  oxidative 
stress.  Previous  studies  have  shown  that  overexpression  of  the  anti-apoptotic  protein  Bcl-2 
increases  cellular  redox  capacity.  Here  we  report  that  cell  lines  transfected  with  Bcl-2 
paradoxically  exhibit  increased  rates  of  mitochondrial  H202  generation.  Our  results  indicate  that 
chronic  and  mild  elevations  in  H202  release  from  Bcl-2,  Bcl-xL,  and  Mcl-1  overexpressing 
mitochondria  lead  to  enhanced  cellular  antioxidant  defense  and  protection  against  death  caused 
by  acute  oxidative  stress.  This  study  provides  the  first  explanation  for  the  apparent  “antioxidant” 
effect  of  Bcl-2  and  other  related  anti-apoptotic  proteins.  Since  progesterone  increases  Bcl-2  gene 
expression,  our  results  may  also  help  explain  the  neuroprotection  observed  with  progesterone. 

10.  Ahn,  E.S.,  Robertson,  C.L.,  Vereczki,  V.,  Hoffman,  G.E.,  and  Fiskum  G.,  Synthes  Award  for 
Resident  Research  on  Brain  and  Craniofacial  Injury:  Normoxic  ventilatory  resuscitation  after 
controlled  cortical  impact  reduces  peroxynitrite-mediated  protein  nitration  in  the 
hippocampus.  Clin  Neurosurg.  52:  348-356  (2005).  (PMID:  16626092) 

Ventilatory  resuscitation  with  100%  02  is  routinely  administered  after  severe  TBI  to  prevent 
early  hypoxemia.  In  addition,  the  use  of  normobaric  hyperoxia  after  severe  TBI  has  recently  been 
supported  for  the  main  therapeutic  goal  of  shifting  from  anaerobic  metabolism  to  aerobic 
metabolism  in  the  injured  brain.  Other  investigators  have  called  into  question  this  metabolic 
benefit.  Furthermore,  the  use  of  normobaric  hyperoxia  heightens  the  concern  for  oxygen  toxicity 
and  ROS-mediated  damage  to  the  brain.  Our  results  show  that  rats  administered  100%  02  for  1 
hour  after  CCI  had  significantly  increased  levels  of  ROS-mediated  damage  to  proteins  in  the 
CA1  and  CA3  regions  of  the  hippocampus  when  compared  with  rats  administered  room  air. 
Levels  of  ROS-mediated  protein  nitration  in  the  normoxic  group  were  no  different  than  those  of 
non-injured  rats.  Additionally,  there  was  no  beneficial  effect  of  hyperoxic  resuscitation  on 
neuronal  survival  or  abnormal  neuronal  morphology  1  week  after  injury.  These  results  warrant 
additional  caution  in  the  empiric  use  of  hyperoxic  resuscitation  in  the  treatment  of  severe  TBI.  If 
future  studies  support  this  concern  for  increased  ROS-mediated  damage  with  hyperoxia,  then 
efforts  will  need  to  be  made  toward  early  adjustments  in  the  02  concentration  administered 
during  resuscitation  after  severe  TBI.  This  study  addresses  the  controversy  about  the  use  of  high 
inspired  02  following  TBI,  indicating  that  it  can  indeed  exacerbate  oxidative  damage  to  the 
brain.  These  findings  reinforce  the  need  for  therapeutic  interventions  that  target  oxidative  stress, 
e.g.,  progesterone. 


11.  Mehrabian,  Z.,  Liu,  L.-I.,  Fiskum,  G.,  Rapoport,  S.I.,  Chandrasekaran,  K.,  Regulation  of 
mitochondrial  gene  expression  by  energy  demand  in  neural  cells,  J.  Neurochem.  93:850-860 
(2005).  (PMID:  15857388) 

MitochondrialDNA  (mtDNA)  encodes  critical  subunit  proteins  of  the  oxidative  phosphorylation 
(OXPHOS)  complex  that  generates  ATP.  This  study  tested  the  hypothesis  that  mitochondrial 
gene  expression  in  neural  cells  is  regulated  by  energy  demand,  as  modified  via  stimulation  of 


cellular  sodium  transport.  Exposure  of  primary  cerebellar  neuronal  cultures  to  the  excitatory 
amino  acid  glutamate  caused  a  rapid  and  significant  increase  followed  by  a  significant  decrease 
in  cell  mt-mRNA  levels.  These  results  suggest  a  physiological  transcriptional  mechanism  of 
regulation  of  mitochondrial  gene  expression  by  energy  demand  and  a  post-transcriptional 
regulation  that  is  independent  of  energy  status  of  the  cell.  Although  not  included  in  the 
publication,  we  tested  for  effects  of  progesterone  on  mitochondrial  gene  expression  in  these 
experiments  and  found  that  it  had  no  detectable  effects.  These  findings  do  not  support  the 
hypothesis  that  neuroprotection  by  progesterone  is  mediated  by  stimulation  of  mitochondrial 
gene  expression. 

12.  Martin,  E.,  Rosenthal,  R.E.,  and  Fiskum,  G.,  Pyruvate  dehydrogenase  complex:  Metabolic 
link  to  ischemic  brain  injury  and  target  of  oxidative  stress,  J.  Neurosci.  Res.  79:240-247 
(2005).  (PMID:  15562436) 

The  mammalian  pyruvate  dehydrogenase  complex  (PDHC)  is  a  mitochondrial  matrix  enzyme 
complex  (greater  than  7  million  Daltons)  that  catalyzes  the  oxidative  decarboxylation  of  pyruvate 
to  form  acetyl  CoA,  nicotinamide  adenine  dinucleotide  (the  reduced  form,  NADH),  and  C02. 
This  reaction  constitutes  the  bridge  between  anaerobic  and  aerobic  cerebral  energy  metabolism. 
PDHC  enzyme  activity  and  immunoreactivity  are  lost  in  selectively  vulnerable  neurons  after 
cerebral  ischemia  and  reperfusion.  Evidence  from  experiments  carried  out  in  vitro  suggests  that 
reperfusion-dependent  loss  of  activity  is  caused  by  oxidative  protein  modifications.  Impaired 
enzyme  activity  may  explain  the  reduced  cerebral  glucose  and  oxygen  consumption  that  occurs 
after  cerebral  ischemia.  This  hypothesis  is  supported  by  the  hyperoxidation  of  mitochondrial 
electron  transport  chain  components  and  NAD(H)  that  occurs  during  reperfusion,  indicating  that 
NADH  production,  rather  than  utilization,  is  rate  limiting.  Additional  support  comes  from  the 
findings  that  immediate  postischemic  administration  of  acetyl-L-camitine  both  reduces  brain 
lactate/pyruvate  ratios  and  improves  neurologic  outcome  after  cardiac  arrest  in  animals.  As 
acetyl-L-carnitine  is  converted  to  acetyl  CoA,  the  product  of  the  PDHC  reaction,  it  follows  that 
impaired  production  of  NADH  is  due  to  reduced  activity  of  either  PDHC  or  one  or  more  steps  in 
glycolysis.  Impaired  cerebral  energy  metabolism  and  PDHC  activity  are  associated  also  with 
neurode generative  disorders  including  Alzheimer’s  disease  and  Wernicke-Korsakoff  syndrome, 
suggesting  that  this  enzyme  is  an  important  link  in  the  pathophysiology  of  both  acute  brain  injury 
and  chronic  neurodegeneration.  This  review  stresses  the  use  of  “alternative  biofuels”,  e.g., 
acetyl-L-carnitine,  as  neuroprotectants,  based  on  their  compensation  for  impaired  brain  pyruvate 
dehydrogenase  activity  during  acute  and  chronic  neurodegeneration. 

13.  Schuh,  R.A.,  Kristian,  T.,  Gupta,  R.K.,  Flaws,  J.A.,  and  Fiskum,  G.,  Methoxychlor  inhibits 
brain  mitochondrial  respiration  and  increases  hydrogen  peroxide  production  and  CREB 
phosphorylation,  Toxicol.  Sci.,  88:  495-504  (2005).  (PMID:  16177237) 

The  organochlorine  insecticide  methoxychlor  (mxc)  is  an  established  reproductive  toxicant  that 
affects  other  systems  including  the  central  nervous  system  (CNS),  possibly  by  mechanisms 
involving  oxidative  stress.  This  study  tested  the  hypothesis  that  mxc  inhibits  brain  mitochondrial 
respiration,  resulting  in  increased  production  of  reactive  oxygen  species  (ROS).  Similarly,  state  3 
respiration  was  inhibited  following  in  vivo  mxc  exposure  using  complex  I  substrates.  H202 
production  was  stimulated  after  in  vitro  mxc  treatment  in  the  presence  of  complex  I  substrates, 


but  not  in  mitochondria  isolated  from  in  vivo  mxc-treated  mice.  Because  previous  studies 
demonstrated  a  relationship  between  oxidative  stress  and  CREB  phosphorylation,  we  also  tested 
the  hypothesis  that  mxc  elevates  phosphorylated  CREB  (pCREB)  in  mitochondria.  Enzyme- 
linked  immunosorbent  assay  (ELISA)  measurements  demonstrated  that  pCREB 
immunoreactivity  was  elevated  by  in  vitro  mxc  exposure  in  the  presence  or  absence  of 
respiratory  substrates,  indicating  that  stimulation  of  H202  production  is  not  necessary  for  this 
effect.  These  multiple  effects  of  mxc  on  mitochondria  may  play  an  important  role  in  its  toxicity, 
particularly  in  the  CNS.  This  study  focuses  on  mitochondria  as  a  target  of  neurotoxicity  by 
methoxychlor,  a  common  pesticide  used  widely  around  the  world.  The  described  effects  of 
methoxychlor  on  mitochondrial  respiration  and  ROS  production  are  similar  to  those  observed 
with  rotenone  and  paraquat,  two  toxins  that  are  strongly  implicated  in  the  cause  of  sporadic 
Parkinson’s  disease 


14.  Soane,  L.  and  Fiskum,  G.,  Inhibition  of  mitochondrial  neural  cell  death  pathways  by  protein 
transduction  of  Bcl-2  family  proteins,  J.  Bioenerg.  Biomemb.  95:  230-243  (2005).  (PMID: 
16167175) 

Bcl-2  and  other  closely  related  members  of  the  Bcl-2  family  of  proteins  inhibit  the  death  of 
neurons  and  many  other  cells  in  response  to  a  wide  variety  of  pathogenic  stimuli.  Bcl-2 
inhibition  of  apoptosis  is  mediated  by  its  binding  to  pro-apoptotic  proteins,  e.g.,  Bax  and  tBid, 
inhibition  of  their  oligomerization,  and  thus  inhibition  of  mitochondrial  outer  membrane  pore 
formation,  through  which  other  pro-apoptotic  proteins,  e.g.,  cytochrome  c,  are  released  to  the 
cytosol.  Bcl-2  also  exhibits  an  indirect  antioxidant  activity  caused  by  a  sub-toxic  elevation  of 
mitochondrial  production  of  reactive  oxygen  species  and  a  compensatory  increase  in  expression 
of  antioxidant  gene  products.  While  classic  approaches  to  cytoprotection  based  on  Bcl-2  family 
gene  delivery  have  significant  limitations,  cellular  protein  transduction  represents  a  new  and 
exciting  approach  utilizing  peptides  and  proteins  as  drugs  with  intracellular  targets.  The 
mechanism  by  which  proteins  with  transduction  domains  are  taken  up  by  cells  and  delivered  to 
their  targets  is  controversial  but  usually  involves  endocytosis.  The  effectiveness  of  transduced 
proteins  may  therefore  be  limited  by  their  release  from  endosomes  into  the  cytosol.  Considering 
the  fact  that  progesterone  and  other  agents  exert  their  neuroprotection  through  stimulation  of 
Bcl-2  gene  expression,  this  review  covers  the  possibilities  of  using  protein  transduction 
techniques  to  stimulate  uptake  of  exogenous  Bcl-2  directly  into  cells. 

15.  Chinopoulos,  C.,  Starkov,  A.A.,  Grigoriev,  S.,  Dejean,  L.M.,  Kinnally,  K.W.,  Liu,  X., 
Ambudkar,  I.S.,  and  Fiskum,  G.,  Diacylglycerols  activate  mitochondrial  cationic  channel(s) 
and  release  sequestered  Ca2+,  J.  Bioenerg.  Biomemb.,  37:  237-247  (2005).  (PMID:16167179) 

Mitochondria  contribute  to  cytosolic  Ca2+  homeostasis  through  several  uptake  and  release 
pathways.  Here  we  report  that  1,2-sn-diacylglycerols  (DAGs)  induce  Ca2+  release  from  Ca2+- 
loaded  mammalian  mitochondria.  Patch  clamping  brain  mitoplasts  reveal  DAGs-induced  slightly 
cation-selective  channel  activity  that  is  insensitive  to  bongkrekic  acid  and  abolished  by  La3+. 

The  presence  of  a  second  messenger-sensitive  Ca2+  release  mechanism  in  mitochondria  could 
have  an  important  impact  on  intracellular  Ca2+  homeostasis.  This  study  describes  a  completely 
new  trigger  for  release  of  mitochondria  that  is  connected  with  phosphoinositide  signal 


transduction.  Interestingly,  a  recent  article  indicates  that  high-physiologic  levels  of  progesterone 
inhibit  opening  of  ion  channels  regulated  by  this  pathway. 


16.  Schuh,  R.,  Kristian,  T.,  and  Fiskum,  G.,  Calcium-dependent  dephosphorylation  of  brain 
mitochondrial  calcium/cAMP  response  element  binding  protein,  J.  Neurochem.  92:388-394 
(2005).  (PMID:  15663486) 

Calcium-mediated  signaling  regulates  nuclear  gene  transcription  by  calcium/cAMP  response 
element  binding  protein  (CREB)  via  calcium-dependent  kinases  and  phosphatases.  This  study 
tested  the  hypothesis  that  CREB  is  also  present  in  mitochondria  and  subject  to  dynamic  calcium- 
dependent  modulation  of  its  phosphorylation  state.  These  results  further  suggest  that 
mitochondrial  CREB  is  located  in  the  matrix  or  inner  membrane  and  that  a  kinase  and  a  calcium- 
dependent  phosphatase  regulate  its  phosphorylation  state.  A  recent  study  indicates  that 
progesterone  receptors  act  together  with  at  least  nuclear  CREB  to  stimulate  expression  of  the 
anti-apoptotic  gene  bcl-x.  It  remains  to  be  determined  if  progesterone  receptors  interact  with 
mitochondrial  CREB. 


17.  Robertson,  C.L.,  Puskar,  A.,  Hoffman,  G.E.,  Murphy,  A.Z.,  Saraswati,  M.,  and  Fiskum,  G., 
Physiologic  progesterone  reduces  mitochondrial  dysfunction  and  hippocampal  cell  loss  after 
traumatic  brain  injury  in  female  rats,  Exp.  Neurol.  197:  235-243  (2006).  (PMID:  16259981) 

Growing  literature  suggests  important  sex-based  differences  in  outcome  following  traumatic 
brain  injury  (TBI)  in  animals  and  humans.  Progesterone  has  emerged  as  a  key  hormone  involved 
in  many  potential  neuroprotective  pathways  after  acute  brain  injury  and  may  be  responsible  for 
some  of  these  differences.  Many  studies  have  utilized  supraphysiologic  levels  of  post-traumatic 
progesterone  to  reverse  pathologic  processes 

after  TBI,  but  few  studies  have  focused  on  the  role  of  endogenous  physiologic  levels  of 
progesterone  in  neuroprotection.  We  hypothesized  that  progesterone  at  physiologic  serum  levels 
would  be  neuroprotective  in  female  rats  after  TBI  and  that  progesterone  would  reverse  early 
mitochondrial  dysfunction  seen  in  this  model.  Progesterone  in  the  low  physiologic  range 
reversed  the  early  postinjury  alterations  seen  in  mitochondrial  respiration  and  reduced 
hippocampal  neuronal  loss  in  both  the  CA1  and  CA3  subfields. 

Progesterone  in  the  high  physiologic  range  had  a  more  limited  pattern  of  hippocampal  neuronal 
preservation  in  the  CA3  region  only.  Neither  progesterone  dose  significantly  reduced  cortical 
tissue  loss.  These  findings  have  implications  in  understanding  the  sex-based  differences  in 
outcome  following  acute  brain  injury.  This  is  the  second  highly  important  study  supported  by  the 
grant  which  demonstrates  neuroprotection  by  progesterone  (against  traumatic  brain  injury)  and 
protection  against  early,  post-injury  mitochondrial  dysfunction.  These  findings  and  those  of 
others  from  several  other  laboratories  form  the  basis  for  the  current  clinical  trial  (PROTECT  ) 
testing  for  neuroprotection  by  progesterone  with  traumatic  brain  injury  patients. 

4.  KEY  RESEARCH  ACCOMPLISHMENTS:  Bulleted  list  of  key  research 

accomplishments  emanating  from  this  research.  Project  milestones,  such  as  simply 
completing  proposed  experiments,  are  not  acceptable  as  key  research  accomplishments. 
Key  research  accomplishments  are  those  that  have  contributed  to  the  major  goals  and 
objectives  and  that  have  potential  impact  on  the  research  field. 


1.  Twelve  peer-reviewed  published  research  articles  and  five  peer-reviewed  review 
articles 

2.  Demonstration  that  physiologic  levels  of  progesterone  protect  against  kainite- 
induced  seizure  activity  and  therefore  kainite-induced  neuronal  death  in  rats. 

3.  Demonstration  that  physiologic  progesterone  protects  against  early  mitochondrial 
bioenergetics  dysfunction  and  delayed  neuronal  death  caused  by  traumatic  brain 
injury. 

4.  Demonstration  that  hyperoxic  resuscitation  after  moderate  traumatic  brain  injury  in 
rats  exacerbates  oxidative  modification  of  brain  proteins,  reinforcing  the  need  for 
effective  antioxidant  interventions. 

5.  Documentation  that  the  pesticide  methoxychlor  causes  oxidative  damage  to  the 
brain.  This  damage  appears  due  to  inhibition  of  Complex  1  of  the  mitochondrial 
electron  transport  chain,  which  stimulates  mitochondrial  production  of  superoxide. 

6.  Discovery  that  the  alpha-ketoglutarate  dehydrogenase  complex  of  the 
mitochondrial  Kreb’s  cycle  is  a  major  producer  of  reactive  oxygen  species. 

7.  Demonstration  that  anti-death  proteins,  e.g.,  Bcl-2,  Bcl-xL  and  Mcl-1,  increase 
resistance  of  cells  to  oxidative  stress  by  slightly  increasing  mitochondrial  free 
radical  production,  which  in  turn  result  in  stimulation  of  anti-oxidant  gene 
expression. 

8.  Elucidation  of  the  mechanism  by  which  glutamate  excitotoxicity  results  in  delayed 
intraneuronal  Ca2+  deregulation,  which  is  the  event  that  causes  irreversible 
damage  to  neurons. 

9.  Demonstration  that  diacylglycerol,  a  common  second  messenger,  can  regulate 
Ca2+  release  from  mitochondria. 

10.  Demonstration  that  cellular  energy  demand  stimulates  mitochondrial  gene 
expression  in  neural  cells 

5.  CONCLUSION:  Summarize  the  importance  and/or  implications  with  respect  to 
medical  and  /or  military  significance  of  the  completed  research  including  distinctive 
contributions,  innovations,  or  changes  in  practice  or  behavior  that  has  come  about  as  a 
result  of  the  project.  A  brief  description  of  future  plans  to  accomplish  the  goals  and 
objectives  shall  also  be  included. 

The  most  translationally  significant  aspect  of  our  research  is  the  demonstration  that 
progesterone  protects  against  brain  injury  associated  with  status  epilepticus  and  traumatic 
brain  injury.  These  published  findings  taken  together  with  many  others  from  several  other 
laboratories  have  led  to  clinical  trials  testing  for  neuroprotection  by  progesterone  for 
traumatic  brain  injury.  The  two  Phase  II  trials  were  encouraging.  Two  or  more  Phase  III  trials 
will  be  completed  by  the  end  of  the  year.  Positive  results  from  these  trials  will  likely  lead  to 
progesterone  neuroprotection  trials  for  other  forms  of  acute  CNS  injury  and  for 
neurodegenerative  diseases,  e.g.,  Parkinson’s  disease. 

The  additional  more  basic  scientific  discoveries  we  made  have  supported  the  general 
hypothesis  that  injury  or  toxin-induced  mitochondrial  bioenergetic  dysfunction  results  in 
oxidative  stress,  contributing  to  both  necrotic  and  apoptotic  death  of  neurons  and  other  cell 


types.  These  findings  are  being  used  by  many  laboratories  as  a  guide  toward  development  of 
neuroprotective  drugs  and  other  interventions. 


6.  PUBLICATIONS,  ABSTRACTS,  AND  PRESENTATIONS: 

a.  List  all  manuscripts  submitted  for  publication  during  the  period  covered  by  this  report 
resulting  from  this  project.  Include  those  in  the  categories  of  lay  press,  peer-reviewed 
scientific  journals,  invited  articles,  and  abstracts.  Each  entry  shall  include  the 
author(s),  article  title,  journal  name,  book  title,  editors(s),  publisher,  volume  number, 
page  number(s),  date,  DOI,  PMID,  and/or  ISBN. 
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Abstract 

Abnormal  accumulation  of  Ca2+  and  exposure  to  pro-apoptotic 
proteins,  such  as  Bax,  is  believed  to  stimulate  mitochondrial 
generation  of  reactive  oxygen  species  (ROS)  and  contribute  to 
neural  cell  death  during  acute  ischemic  and  traumatic  brain 
injury,  and  in  neurodegenerative  diseases,  e.g.  Parkinson’s 
disease.  However,  the  mechanism  by  which  Ca2+  or  apoptotic 
proteins  stimulate  mitochondrial  ROS  production  is  unclear. 
We  used  a  sensitive  fluorescent  probe  to  compare  the  effects 
of  Ca2+  on  H202  emission  by  isolated  rat  brain  mitochondria  in 
the  presence  of  physiological  concentrations  of  ATP  and  Mg2+ 
and  different  respiratory  substrates.  In  the  absence  of  respir¬ 
atory  chain  inhibitors,  Ca2+  suppressed  H202  generation  and 
reduced  the  membrane  potential  of  mitochondria  oxidizing 
succinate,  or  glutamate  plus  malate.  In  the  presence  of  the 
respiratory  chain  Complex  I  inhibitor  rotenone,  accumulation 


of  Ca2+  stimulated  H202  production  by  mitochondria  oxidizing 
succinate,  and  this  stimulation  was  associated  with  release  of 
mitochondrial  cytochrome  c.  In  the  presence  of  glutamate  plus 
malate,  or  succinate,  cytochrome  c  release  and  H202  forma¬ 
tion  were  stimulated  by  human  recombinant  full-length  Bax  in 
the  presence  of  a  BH3  cell  death  domain  peptide.  These 
results  indicate  that  in  the  presence  of  ATP  and  Mg2+,  Ca2+ 
accumulation  either  inhibits  or  stimulates  mitochondrial  H202 
production,  depending  on  the  respiratory  substrate  and  the 
effect  of  Ca2+  on  the  mitochondrial  membrane  potential.  Bax 
plus  a  BH3  domain  peptide  stimulate  H202  production  by  brain 
mitochondria  due  to  release  of  cytochrome  c  and  this  stimu¬ 
lation  is  insensitive  to  changes  in  membrane  potential. 
Keywords:  apoptosis,  BH3  domain,  cytochrome  c,  mem¬ 
brane  potential,  respiration,  superoxide. 
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Mitochondrial  production  of  reactive  oxygen  species  (ROS) 
is  thought  to  contribute  significantly  to  neuronal  cell  death 
caused  by  excitotoxicity  and  various  acute  and  chronic 
neurological  disorders,  e.g.  cerebral  ischemia/reperfusion  and 
Parkinson's  disease  (Benzi  et  al.  1982;  Sciamanna  et  al. 
1992;  Dykens  1994;  Fiskum  et  al.  1999;  Murphy  et  al.  1999; 
Fiskum  2000;  Nicholls  and  Budd  2000).  Among  other 
factors,  mitochondrial  accumulation  of  Ca2+  that  occurs  in 
response  to  these  conditions  has  been  reported  to  promote 
the  generation  of  ROS  (Dykens  1994;  Kowaltowski  et  al. 
1995;  Kowaltowski  et  al.  1996;  Kowaltowski  et  al.  1998a; 
Kowaltowski  et  al.  1998b;  Fiskum  2000;  Nicholls  and  Budd 
2000).  Flowever,  massive  mitochondrial  Ca2+  accumulation 
also  inhibits  the  electron  transport  chain,  potentially  reducing 
the  flow  of  electrons  necessary  for  reduction  of  O?  to 
superoxide  anion  and  its  metabolites,  including  FRCA 
(Villalobo  and  Lehninger  1980).  Mitochondrial  Ca2+  seques¬ 
tration  also  reduces  the  mitochondrial  membrane  potential 
(AVF),  which  is  thermodynamically  linked  to  the  redox 
potential  of  sites  in  the  electron  transport  chain  responsible 
for  production  of  ROS.  Although  several  reports  have 


demonstrated  that  Ca2+  loading  enhances  ROS  generation 
in  brain  (Dykens  1 994)  and  liver  (Kowaltowski  et  al. 
1995;  Kowaltowski  et  al.  1996;  Kowaltowski  et  al.  1998a; 
Kowaltowski  et  al.  1998b)  mitochondria,  the  mechanism 
responsible  for  this  stimulation  remains  elusive. 

Mitochondrial  functions  may  also  be  perturbed  during 
acute  neural  cell  injury  by  redistribution  of  pro-apoptotic 
proteins,  such  as  Bax  and  Bid,  to  mitochondrial  membranes 
where  permeability  changes  occur  that  result  in  release  to  the 
cytosol  of  other  pro-apoptotic  proteins,  e.g.  cytochrome  c 
(Fiskum  2000).  Release  of  cytochrome  c  has  been  associated 
with  increased  cellular  oxidative  stress  (Cai  and  Jones  1998), 
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although  a  direct  cause  and  effect  relationship  between 
release  and  stimulated  mitochondrial  ROS  generation  has  not 
been  demonstrated. 

One  purpose  of  this  study  was  to  clarify  the  effect  of  Ca“+ 
uptake  on  ROS  production  by  isolated  brain  mitochondria. 
Experiments  were  designed  to  test  the  hypothesis  that  Ca“+ 
can  either  stimulate  or  inhibit  mitochondrial  ROS  generation, 
depending  on  the  source  of  electrons  donated  to  the 
respiratory  chain,  and  the  effects  of  Ca2+  accumulation  on 
the  retention  of  mitochondrial  cytochrome  c.  Another  aim  of 
the  study  was  to  test  the  hypothesis  that  mitochondrial  ROS 
production  is  stimulated  by  cytochrome  c  release  elicited  by 
exposure  to  Bax  and  a  peptide  containing  a  BH3  cell  death 
domain. 


Materials  and  methods 

Reagents 

Oligomycin,  antimycin  A3  and  rotenone  (Sigma,  St  Louis,  MO, 
USA)  were  dissolved  in  ethanol,  and  Amplex  Red  (N-acetyl-3,7- 
dihydroxyphenoxazine;  Molecular  Probes,  Eugene  OR,  USA)  was 
dissolved  in  dimethylsulfoxide.  All  other  reagents  were  purchased 
from  Sigma.  All  reagents  and  ethanol  were  tested  and  exhibited  no 
interference  with  the  H2O2  assay  at  the  concentrations  used  in  our 
experiments.  The  sources  of  full-length  human  recombinant  Bax 
protein  and  of  the  synthetic  Bax  BH3  domain  peptide  have  been 
described  previously  (Fiskum  and  Polster  2001;  Polstere?  al.  2001). 

Isolation  of  brain  mitochondria 

All  animal  experiments  were  conducted  in  accordance  with 
guidelines  established  by  the  Institutional  Animal  Care  and  Use 
Committee  of  the  University  of  Maryland,  Baltimore. 

Non-synaptosomal  rat  forebrain  mitochondria  were  isolated  by 
the  Percoll  gradient  separation  method  as  described  in  (Sims  1990). 
The  quality  of  the  mitochondrial  preparation  was  estimated  by 
measuring  the  acceptor  control  ratio  defined  as  ADP-stimulated 
(State  3)  respiration  divided  by  resting  (State  4)  respiration.  For 
these  experiments,  the  incubation  medium  consisted  of  125  mM 
KC1,  20  mM  FIEPES  (pH  7.0),  2  mM  KH2PO4,  1  mM  MgCL,  5  mM 
glutamate,  5  mM  malate,  plus  0.8  mM  ADP.  Oxygen  consumption 
was  recorded  at  37°C  with  a  Clark-type  oxygen  electrode.  State  3 
respiration  was  initiated  by  the  addition  of  0.5  mg  per  ml  rat  brain 
mitochondria  to  the  incubation  medium.  State  3  respiration  was 
terminated  and  State  4  initiated  by  the  addition  of  1  pM  carboxya- 
tractylate,  an  inhibitor  of  the  ADP/ATP  transporter.  Only  mitoch¬ 
ondrial  preparations  that  exhibited  an  acceptor  control  ratio  greater 
than  8  were  used  in  this  study. 

Measurement  of  H202 

Incubation  medium  contained  125  mM  KC1,  20  mM  HEPES 
(pH  7.0),  2  mM  KH2P04,  4  mM  ATP,  5  mM  MgCl2,  1  rm  Amplex 
Red,  5  U/mL  horseradish  peroxidase  superoxide  dismutase  (HRP) 
and  40  U/mL  Cu.Zn  SOD,  and  was  maintained  at  37°C,  unless 
stated  otherwise.  A  change  in  the  concentration  of  H2O2  in  the 
medium  was  detected  by  fluorescence  of  the  oxidized  Amplex  Red 
product  using  excitation  and  emission  wavelengths  of  550  and 


585  nm,  respectively  (Zhou  et  al.  1997).  The  response  of  Amplex 
Red  to  H2O2  was  calibrated  either  by  sequential  additions  of  known 
amounts  of  H2O2  or  by  continuous  infusion  of  H2C>2  at  100- 
1000  pmol/min.  The  concentration  of  commercial  30%  H2C>2 
solution  was  calculated  from  light  absorbance  at  240  nM  employing 
E240  =  43.6  M  1  x  cm-1  13.6  m-1  x  cnT1;  the  stock  solution  was 
diluted  to  100  rm  with  water  and  used  for  calibration  immediately. 

Cytochrome  c  release  from  mitochondria 

Aliquots  of  mitochondrial  suspensions  were  taken  either  during  or  at 
the  end  of  experiments  in  which  H2C>2  generation  was  monitored. 
Mitochondria  were  separated  from  the  suspending  medium  by 
centrifugation  at  14  OOOg  for  5  min.  The  supernatant  was  carefully 
removed  and  both  the  supernatant  and  mitochondrial  pellet  fractions 
were  immediately  frozen  and  stored  at  -  20°C.  Cytochrome  c 
concentration  was  measured  in  both  fractions  using  an  ELISA  kit 
(R  &  D  Systems,  Minneapolis,  MN,  USA).  Before  measurement, 
the  supernatant  and  pellet  samples  were  diluted  1  :  40  and  1  :  60, 
respectively.  The  release  of  cytochrome  c  from  mitochondria  was 
expressed  as  the  content  of  cytochrome  c  in  the  supernatant  as  a 
percentage  of  the  total  content  of  cytochrome  c  present  in  the 
supernatant  plus  pellet. 

Measurements  of  AY  and  extramitochondrial  [Ca2+] 

Qualitative  changes  in  AY  were  followed  using  the  fluorescence  of 
safranine  (5  rm)  with  excitation  and  emission  wavelengths  of 
495  nm  and  586  nm,  respectively  (Votyakova  and  Reynolds  2001). 
A  semiquantitative  measurement  of  AY  was  estimated  from  TPP+ 
ion  distribution  between  the  medium  and  mitochondria  using  a 
custom-made  TPP+-selective  electrode  (Kamo  et  al.  1979).  For 
these  experiments,  incubation  medium  was  supplemented  with 
1.6  rm  TPP+C1  .  Both  the  TPP+-sensitive  and  reference  electrodes 
were  inserted  directly  into  the  fluorimeter  cuvette,  and  data  were 
collected  using  an  amplifier  and  a  two-channel  data  acquisition 
system,  with  one  channel  acquiring  the  amplified  TPP+-electrode 
signal  while  another  was  dedicated  to  the  Amplex  Red  fluorescence 
signal.  The  electrode  response  was  calibrated  by  sequential  addition 
of  TPP+CL  in  the  concentration  range  0.2-1. 6  rm,  and  the 
mitochondrial  AY  was  calculated  as  described  by  Rolfe  et  al. 
(1994).  Alternatively,  AY  values  were  calculated  by  the  procedure 
reported  by  Rottenberg  (1984),  assuming  that  the  matrix  volume  for 
brain  mitochondria  is  1 .2  rL  per  mg  protein.  Both  procedures 
yielded  similar  results. 

Changes  in  the  extramitochondrial  medium  free  Ca2+  were 
followed  using  the  fluorescence  of  Calcium  Green  5N,  with  excitation 
and  emission  wavelengths  of  506  nm  and  532  nm,  respectively. 

Results 

To  measure  relatively  low  rates  of  FUCU  production  by  brain 
mitochondria,  we  used  a  fluorescent  dye/horseradish  peroxi¬ 
dase  detecting  system  employing  the  new  peroxidase 
substrate  Amplex  Red,  based  on  its  high  sensitivity  and 
very  low  background  fluorescence  in  the  absence  of  a 
biological  peroxide-generating  system  (Fig.  la,  curve  1).  We 
also  utilized  an  incubation  medium  that  contained  physio¬ 
logically  relevant  concentrations  of  K+,  P;,  ATP  and  Mg  +,  as 
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Fig.  1  Effects  of  Ca2+  uptake  on  A*?  and  H202  production  by  brain 
mitochondria  oxidizing  glutamate  and  malate.  Incubation  medium 
maintained  at  37°C  was  supplemented  with  5  mwi  glutamate,  5  m« 
malate  and  either  1  pM  Amplex  Red  (a),  100  nM  Calcium  Green  5N  (b) 
or  5  pm  safranin  O  (c)  for  measurements  of  H202,  medium  Ca2+ 
concentration  or  AW,  respectively.  Mitochondria  (Mito)  were  added  at 
0.25  mg  per  mL  mitochondria;  Ca2+  at  0.2  mii;  EGTA  at  0.5  mM, 
oligomycin  (Oligo)  at  0.5  pg/mL,  and  rotenone  at  0.5  pm.  In  tracings  1 , 
no  additions  were  made  following  the  addition  of  mitochondria.  In 
tracings  2,  Ca2+  was  added  following  the  addition  of  mitochondria.  In 
tracings  3,  oligomycin  was  added  before  the  addition  of  Ca2+.  In  tra¬ 
cings  4,  no  mitochondria  were  added.  The  italicized  numbers  in  (a) 
represent  rates  of  H202  production  in  pmoles  per  minute  per  milligram 
mitochondrial  protein. 

these  components  exert  dramatic  effects  on  the  response  of 
respiring  mitochondria  to  high  levels  of  Ca2+  (Murphy  et  al. 
1999).  Under  these  conditions,  brain  mitochondria  are 
resistant  to  catastrophic  bioenergetic  and  morphological 
alterations  caused  by  the  Ca“+-induced  inner  membrane 
permeability  transition  compared  with,  for  example,  liver 


mitochondria,  but  are  still  susceptible  to  Ca2+-induced 
alterations  in  membrane  potential  and  cytochrome  c  release 
across  the  outer  membrane  (Andreyev  and  Fiskum  1999). 

Figure  la  curve  1  illustrates  that  isolated  rat  brain 
mitochondria  respiring  on  the  NAD-linked  substrates  glu¬ 
tamate  and  malate  produce  significant  amounts  of  H2O2  in 
the  absence  of  added  Ca2+  or  electron  transport  chain 
inhibitors.  Under  these  conditions  the  medium  contaminating 
free  Ca2+  (approximately  5  gM  or  20  nmol  per  mg  protein), 
as  measured  by  the  fluorescent  indicator  Calcium  Green  5  N, 
was  accumulated  by  the  added  mitochondria  and  a  steady- 
state  medium  [Ca~+]  was  maintained  for  at  least  10-15  min 
(Fig.  lb,  curve  1).  Parallel  safranin  O  fluorescent  measure¬ 
ments  of  AT*  indicated  that  AT*  stabilized  within  2  min  of  the 
mitochondrial  addition  and  remained  constant  for  at  least 
1 5  min  thereafter,  but  rapidly  dissipated  upon  addition  of  the 
respiratory  Complex  I  inhibitor  rotenone  (Fig.  lc,  curve  1). 
When  brain  mitochondria  were  exposed  to  a  single  addition 
of  Ca2+  (800  nmol  per  mg  protein),  H202  production  was 
reduced  by  approximately  60%  (193  vs.  448  pmol  per  mg 
protein)  (Fig.  la,  curve  2).  This  amount  of  added  Ca2+  was 
accumulated  entirely  by  the  rat  brain  mitochondria,  followed 
by  a  slow  and  partial  release  back  into  the  medium  5-10  min 
later  (Fig.  lb,  curve  2).  The  addition  of  Ca2+  resulted  in  a 
transient  reduction  in  A1?,  as  expected  because  mitochondrial 
Ca~+  uptake  occurs  via  an  electrophoretic  uniporter  that 
draws  upon  the  AT'  for  active  Ca“+  sequestration.  The 
reduction  in  AT'  (Fig.  1,  curve  2)  stimulates  respiration- 
dependent  H+  efflux  that,  in  turn,  drives  H2PO4  influx  via  the 
electroneutral  FFPOT/OFT  antiporter.  Thus,  electophoretic 
uptake  of  Ca~+  followed  by  electroneutral  uptake  of  P;  results 
in  a  transient  collapse  of  AT*  without  an  increase  in  pH. 
Approximately  1  min  after  the  addition  of  Ca~+,  when  most 
of  it  had  been  accumulated,  AT*  recovered  back  to  its  initial 
level  and  remained  stable  for  at  least  10  min. 

Mitochondrial  Ca2+  uptake  can  be  driven  by  electrogenic 
H+  efflux  mediated  by  the  mitochondrial  F0Fi  ATPase  in 
addition  to  H+  extrusion  mediated  by  the  electron  transport 
chain.  Experiments  were  therefore  performed  in  the  presence 
of  oligomycin,  a  specific  inhibitor  of  the  mitochondrial 
ATPase,  to  determine  the  influence  of  ATPase  activity  on 
mitochondrial  Ca2+  uptake,  AT*  and  H202  production.  In  the 
presence  of  oligomycin,  the  rate  of  H2O2  production  before 
Ca~+  addition  was  slightly  higher  than  in  its  absence  (310  vs. 
242  pmol  per  mg  protein).  However,  following  the  addition 
of  Ca2+,  the  rate  of  H202  production  was  approximately  50% 
of  that  in  its  absence  (91  vs.  193  pmol  per  mg  protein),  and 
only  20%  of  that  observed  in  the  absence  of  added  Ca“+  (91 
vs.  448  pmol  per  mg  protein)  (Fig.  la,  curve  3).  In  the 
presence  of  oligomycin,  mitochondrial  Ca2+  uptake  was 
initially  as,  or  more,  rapid  than  in  its  absence  but  converted  to 
a  relatively  very  slow,  sustained  rate  of  net  uptake  within  a 
minute  after  the  addition  of  Ca2+  (Fig.  lb,  curve  3).  The 
presence  of  oligomycin  also  resulted  in  a  greater  decline  in 
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AH'  upon  addition  of  Ca2+  and  a  sustained  reduction  in  A'F 
for  at  least  8  min  (Fig.  lc,  curve  3).  The  Ca2+-dependent 
reduction  in  AT*  was  partially  reversed  by  the  subsequent 
addition  of  the  Ca“+  chelator  EGTA  (Fig.  lc,  curve  3),  as  was 
the  Ca2+-dependent  reduction  in  IT2O2  production  (Fig.  la, 
curve  3).  Thus,  ATPase-mediated  electrogenic  H+  efflux 
contributes  to  the  maintenance  of  A'F  during  and  following 
mitochondrial  uptake  of  large  Ca2+  loads,  but  is  incapable  of 
completely  sustaining  A'F  in  the  absence  of  respiration. 

Mitochondrial  ROS  production  was  much  faster  with 
Complex  II-linked  substrate  succinate  compared  with  Com¬ 
plex  I-dependent  substrates.  Within  2  min  following  the 
addition  of  rat  brain  mitochondria  to  the  incubation  medium 
containing  5  him  succinate,  there  was  a  dramatic  increase  in 
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/  ./ 264 
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Fig.  2  Effects  of  Ca2+  uptake  on  A'F  and  H202  production  by  brain 
mitochondria  oxidizing  succinate.  Incubation  medium  maintained  at 
37°C  was  supplemented  with  5  rriM  succinate  and  either  1  piui  Amplex 
Red  (a)  or  5  pm  safranin  O  (b)  for  measurements  of  H202  or  A'F 
respectively.  Mitochondria  (Mito)  were  added  at  0.125  mg  per  mL 
mitochondria;  Ca2+  at  0.2  mu;  EGTA  at  0.5  mM,  rotenone  at  0.5  pM 
and  FCCP  at  50  niui.  The  italicized  numbers  in  panel  (a)  represent 
rates  of  H202  production  in  pmoles  per  minute  per  milligram  mito¬ 
chondrial  protein. 


H2O2  production  (Fig.  2a),  at  a  rate  that  was  seven  to  eight 
times  faster  than  that  observed  in  the  presence  of  glutamate 
plus  malate  (1700-2000  vs.  250  pmol  per  mg  mitochondrial 
protein).  The  delayed  activation  of  succinate-supported  H202 
production  corresponded  to  the  time  at  which  the  A'F  reached 
its  maximum  level  following  addition  of  mitochondria  to  the 
medium  (Fig.  2b)  (Korshunov  et  al.  1997).  Subsequent 
addition  of  0.2  mM  Ca2+  resulted  in  an  immediate  and 
almost  complete  inhibition  of  H202  production  (68  vs. 
1760  pmol  per  mg  protein)  (Fig.  2a,  curve  1).  At  this  level  of 
Ca  ,  A'F  was  transiently  reduced  then  recovered,  albeit  to  a 
level  that  was  lower  than  that  maintained  in  the  absence  of 
added  Ca2+  (Fig.  2b,  curve  1).  Whereas  EGTA  significantly 
reversed  the  effect  of  Ca2+  on  ROS  production  and  A'F  in  the 
presence  of  Complex  I-linked  substrates,  it  was  unable  to 
reverse  the  effects  of  Ca“+  in  the  presence  of  the  Complex  II 
substrate  succinate  (Figs  2a  and  b,  curves  1). 

The  Complex  I  inhibitor  rotenone  was  capable  of  stimu¬ 
lating  mitochondrial  H202  production  in  the  presence  of  Ca2+ 
but  had  a  negligible  effect  on  the  Ca“+-induced  reduction  of 
A'F  (Figs  2a  and  b,  curves  1),  as  expected  as  rotenone 
inhibits  NAD-linked  but  not  succinate-supported  respiration. 
The  rate  of  H2O2  production  observed  following  the  addition 
of  Ca2+  and  then  rotenone  was  still  far  lower  than  the  initial 
rate  observed  in  the  absence  of  both  agents  (469  vs. 
1760  pmol  per  mg  protein).  This  finding  verifies  the 
contribution  of  rotenone-sensitive  reversed  electron  flow 
through  Complex  I  as  a  major  site  of  ROS  production 
supported  by  succinate  (Flinkle  et  al.  1967;  Hansford  et  al. 
1997;  Korshunov  et  al.  1997;  Turrens  1997;  Lass  et  al. 
1998;  Votyakova  and  Reynolds  2001;  Liu  et  al.  2002). 
However,  in  the  absence  of  added  Ca2+,  the  addition  of 
rotenone  resulted  in  a  rate  of  H2O2  production  that  was 
substantially  lower  than  that  following  the  addition  of  Ca2+ 
(264  vs.  469  pmol  per  mg  protein;  Fig.  2a,  curve  2).  This 
stimulatory  effect  of  Ca~+  on  succinate-supported  H202 
production  in  the  presence  of  rotenone  was  further  verified 
by  the  addition  of  Ca~+  following  rotenone,  after  which  the 
rate  of  H202  production  increased  from  250  to  462  pmol  per 
mg  protein  (Fig.  2a,  curve  3).  In  contrast  to  the  sustained 
reduction  in  A'F  observed  upon  addition  of  Ca2+  in  the 
absence  of  rotenone,  mitochondrial  Ca“+  uptake  in  the 
presence  of  rotenone  resulted  in  the  normal  transient  drop  in 
A'F  followed  by  a  complete  recovery  and  a  subsequent 
steady  but  minor  depolarization  (Fig.  2b,  curve  3).  These 
results  further  demonstrate  that  when  exposure  of  mitochon¬ 
dria  to  high  levels  of  Ca~+  results  in  a  reduction  in  A'F,  ROS 
production  is  inhibited.  Under  conditions  in  which  ROS 
production  is  independent  of  A'F,  e.g.  in  the  presence  of 
rotenone,  Ca2+  can  actually  stimulate  ROS  production. 

Experiments  were  then  performed  to  test  the  hypothesis 
that  a  reduction  in  A'F  is  a  sufficient  explanation  for  the 
inhibition  of  H202  production  by  Ca2+  with  either  succinate 
or  the  NAD-linked  substrates  glutamate  and  malate.  It  is 
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known  that  succinate-supported  H2O2  production  is  inhibited 
by  mitochondrial  depolarization  (Hansford  et  al.  1997; 
Korshunov  et  al.  1997).  The  dependence  of  succinate- 
supported  ROS  generation  on  A1?  is  due  to  the  reverse  electron 
transport  from  Complex  II  through  coenzyme  Q  to  Complex  I. 
The  potential  energy  of  AT*  is  necessary  to  overcome  the  redox 
potential  difference  between  Complex  I  and  coenzyme  Q  that 
promotes  Complex  1  oxidation  and  coenzyme  Q  reduction. 
Although  the  quantitative  relationship  between  AT*  and  ROS 
production  during  succinate-dependent  reversed  electron 
transport  is  established  (Korshunov  et  al.  1997),  it  has  not 
been  determined  for  ROS  generation  that  occurs  during 
electron  transport  driven  by  NAD-linked  substrates.  This 
relationship  was  explored  by  measuring  mitochondrial  H202 
production  in  the  presence  of  glutamate  and  malate  and  in  the 
presence  of  several  concentrations  of  FCCP,  a  protonophoric 
uncoupling  agent.  In  order  to  demonstrate  a  quantitative 
relationship,  the  experimental  system  utilized  the  mitochond¬ 
rial  uptake  of  the  lipophilic  cation  TPP+  as  a  measure  of  AT*. 
The  system  was  also  simplified  by  omitting  ATP  from  the 
medium  and  adding  the  Ca~+  chelator  EGTA  to  prevent 
possible  interference  from  contaminating  Ca2+  in  the  medium. 
The  results  shown  in  Fig.  3  indicated  that  H202  production 
supported  by  oxidation  of  NAD-linked  substrates  is  indeed 
dependent  on  A'P,  being  very  sensitive  to  fluctuations  in  A'P 
between  approximately  150  and  180  mV.  These  results 
however,  also  demonstrate  that  approximately  30%  of  the 
maximal  H2O2  production  is  insensitive  to  A'P. 

The  reduction  in  A'P  caused  by  mitochondrial  Ca2+ 
accumulation  is  a  sufficient  explanation  for  the  inhibition 
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Fig.  3  Relationship  between  rate  of  H202  production  and  A'P  for  brain 
mitochondria  oxidizing  glutamate  and  malate.  Mitochondria  were 
added  at  a  concentration  of  0.25  mg/mL  to  the  standard  incubation 
medium  except  that  ATP  was  omitted,  MgCI2  was  present  at  1  mu, 
and  the  medium  was  supplemented  with  0.25  itim  EGTA,  1.6  (xm 
TPP+Cr,  5  mM  glutamate  and  5  mu  malate.  A  TPP+  electrode  was 
used  to  measure  the  medium  TPP+  concentration  both  in  the  absence 
of  FCCP  and  in  the  presence  of  22,  47,  76  and  1 1 0  pmol  FCCP  per  mg 
mitochondrial  protein  to  modulate  the  A'P.  Values  for  A'P  were  calcu¬ 
lated  as  described  in  Materials  and  Methods.  Values  represent 
means  ±  SE  of  four  independent  experiments. 


by  Ca2+  of  H2O2  production  both  with  succinate  (in  the 
absence  of  rotenone)  or  NAD-linked  substrates.  This  effect 
cannot,  however,  explain  the  increase  in  succinate-supported 
H202  generation  caused  by  Ca~+  in  the  presence  of  the 
Complex  I  inhibitor  rotenone.  We  hypothesized  that  Ca~+- 
induced  cytochrome  c  release  might  be  responsible  for  this 
phenomenon  because  cytochrome  c  release  has  been  asso¬ 
ciated  with  increased  oxidative  stress  in  apoptotic  cells  (Cai 
and  Jones  1998),  and  cytochrome  c  is  released  by  brain 
mitochondria  in  response  to  Ca~+  uptake  under  conditions 
similar  to  those  used  in  the  current  study  (Andreyev  et  al. 
1998;  Andreyev  and  Fiskum  1999).  A  comparison  between 
rates  of  H202  production  and  the  distribution  of  cytochrome 
c  between  the  mitochondria  and  the  suspending  medium  at 
the  end  of  the  H202  measurements  is  provided  in  Figs  4  and 
5  for  succinate  (in  the  presence  of  rotenone)  and  glutamate 
plus  malate,  respectively.  The  accumulation  of  Ca“+  resulted 
in  a  net  10%  release  of  cytochrome  c  in  the  presence  of 
succinate  and  5%  release  in  the  presence  of  glutamate  plus 
malate.  This  was  accompanied  by  an  approximately  60% 
increase  in  H202  formation  with  succinate  and  a  greater  than 
60%  reduction  in  H202  with  glutamate  and  malate.  Thus 
Ca2+  induces  the  release  of  mitochondrial  cytochrome  c  in 
the  presence  of  either  malate  plus  glutamate  or  succinate  but 
only  stimulates  H202  production  when  succinate  is  present  as 
the  electron  donor  and  rotenone  is  present  to  inhibit  reversed 
electron  transport  that  is  driven  by  AT*. 


Fig.  4  Ca2+-induced  cytochrome  c  release  and  stimulation  of  Fl202 
production  by  brain  mitochondria  oxidizing  succinate.  Mitochondria 
were  added  at  a  concentration  of  0.25  mg/mL  to  the  standard  incu¬ 
bation  medium  maintained  at  37°C  and  supplemented  with  5  mM 
succinate.  As  in  Fig.  2,  approximately  3  min  later,  rotenone  (0.2  hm) 
was  added,  followed  2  min  later  by  either  Ca2+  (0.2  mM)  or  vehicle 
control  (FH20).  The  rate  of  H202  production  was  determined  by  the  rate 
of  increase  in  Amplex  Red  fluorescence.  At  approximately  8  min  fol¬ 
lowing  the  addition  of  Ca2+,  the  suspension  was  centrifuged  and  the 
pellet  and  supernatant  fractions  used  for  ELISA  of  cytochrome  c 
content,  as  described  in  Materials  and  Methods.  Values  represent  the 
mean  ±  SE  of  four  independent  experiments.  *p  <  0.05  versus  without 
Ca2+  by  Student’s  f-test. 
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Fig.  5  Ca2+-induced  cytochrome  c  release  and  inhibition  of  H202 
production  by  brain  mitochondria  oxidizing  glutamate  and  malate. 
Mitochondria  were  added  at  a  concentration  of  0.25  mg/mL  to  the 
standard  incubation  medium  maintained  at  37°C  and  supplemented 
with  5  miui  glutamate  and  5  mM  malate.  As  in  Fig.  1 ,  approximately 
4  min  later,  Ca2+  (0.2  mM)  or  vehicle  control  (H20)  were  added  and  the 
rate  of  H202  production  was  determined  by  the  rate  of  increase  in 
Amplex  Red  fluorescence.  At  approximately  10  min  following  the 
addition  of  Ca2+,  the  suspension  was  centrifuged  and  the  pellet  and 
supernatant  fractions  were  used  for  ELISA  of  cytochrome  c  content,  as 
described  in  Materials  and  Methods.  Values  represent  the  mean  ±  SE 
of  four  independent  experiments.  *p  <  0.05  versus  without  Ca2+  by 
Student's  f-test. 


Additional  evidence  for  the  direct  role  of  cytochrome  c 
release  in  stimulating  mitochondrial  ROS  formation  came 
from  experiments  in  which  release  was  mediated  by  exposure 
of  brain  mitochondria  to  the  pro-apoptotic  protein  Bax 
together  with  a  synthesized  peptide  that  contains  the  BH3 
death  domain  amino  acid  sequence.  We  previously  demon¬ 
strated  that  this  peptide  triggers  Bax-dependent  release  of 
cytochrome  c  by  specifically  increasing  the  permeability  of 
the  mitochondrial  outer  membrane  without  affecting  inner 
membrane  permeability  or  other  components  of  the  electron 
transport  chain  (Polster  et  al.  2001).  Figure  6a  provides 
representative  fluorescent  measurements  of  H202  generation 
by  rat  brain  mitochondria  respiring  on  glutamate  and  malate 
in  the  presence  of  100  nM  human  recombinant  full-length 
Bax  and  in  the  absence  or  presence  of  50  pM  BH3  peptide.  In 
the  absence  of  the  peptide,  H202  produced  in  the  presence  of 
Bax  was  identical  to  that  in  its  absence  (not  shown).  In  these 
experiments,  ADP  was  added  to  the  suspension,  inducing 
State  3  respiration.  Under  these  conditions,  the  redox  state  of 
potential  sites  of  ROS  production  is  relatively  oxidized  and 
therefore  inhibition  of  electron  transport  by  release  of 
cytochrome  c  should  cause  a  maximal  shift  toward  a  reduced 
redox  state.  In  the  absence  of  BFI3  peptide,  H202  formation 
increased  slowly  over  approximately  10  min  and  was 
stimulated  by  over  100%  upon  addition  of  the  Complex  I 
inhibitor  rotenone  (732  vs.  277  pmol  per  min  per  mg 
protein).  The  rate  of  F1202  generation  observed  10  min 
following  the  addition  of  the  BH3  peptide  was  70%  greater 
than  the  timed  control  (466  vs.  277  pmol  per  min  per  mg 
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Fig.  6  Stimulation  of  cytochrome  c  release  and  H202  production  by 
brain  mitochondria  by  addition  of  Bax  plus  a  BH3  domain  peptide. 
Mitochondria  were  added  at  a  concentration  of  0.125  mg/mL  to  the 
standard  incubation  medium  maintained  at  37°C  and  supplemented 
with  either  5  mM  glutamate  and  5  mM  malate  or  5  mM  succinate,  (a) 
Amplex  Red  measurements  of  H202  generation.  At  approximately 
3  min  following  addition  of  brain  mitochondria  to  media  containing 
glutamate  and  malate  and  100  nM  Bax  (see  Materials  and  methods), 
0.1  mM  ADP  was  added  to  initiate  State  3  respiration.  Approximately 
2  min  later,  50  pM  BH3  peptide  or  vehicle  control  (H20)  was  added. 
Rotenone  (0.2  |im)  was  added  9  min  later  to  elicit  maximal  H202 
production,  (b)  Relationship  between  H202  production  and  release  of 
cytochrome  c  caused  by  exposure  of  brain  mitochondria  to  Bax  plus  a 
BH3  peptide.  In  experiments  such  as  that  shown  in  (a)  aliquots  of  the 
mitochondrial  suspension  were  removed  before  and  two  or  three  times 
after  addition  of  the  BH3  peptide  or  vehicle,  centrifuged  and  used 
for  ELISA  of  cytochrome  c  release  from  the  mitochondria  into  the 
medium.  The  corresponding  rate  of  H202  production  refers  to  the  rate 
obtained  just  before  removal  of  the  aliquot  for  cytochrome  c  meas¬ 
urement.  Experiments  were  performed  either  in  the  presence  of  5  mM 
succinate  (O)  or  5  mM  glutamate  and  5  mM  malate  (■). 

protein)  and  was  further  stimulated  by  the  addition  of 
rotenone.  In  the  absence  of  added  Bax,  BH3  peptide  had  no 
effect  on  ROS  production  by  adult  rat  brain  mitochondria 
(not  shown),  consistent  with  its  inability  to  release  cyto¬ 
chrome  c  from  these  mitochondria  in  the  absence  of 
exogenous  Bax  (Polster  et  al.  2001).  Thus,  in  contrast  to 
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the  inhibition  of  FFCV  production  by  added  Ca2+  when 
NAD-linked  respiratory  substrates  were  present  (Fig.  la),  the 
presence  of  Bax  plus  a  BH3  peptide  substantially  stimulates 
mitochondrial  H202  formation.  An  approximately  70% 
stimulation  of  Ft202  formation  by  Bax  plus  the  BFI3  peptide 
was  observed  in  the  presence  of  succinate  plus  rotenone  (not 
shown).  Thus,  cytochrome  c  release  per  se  stimulates 
mitochondrial  ROS  generation  in  the  presence  of  either 
Complex  I  or  Complex  II  respiratory  substrates. 

As  the  rate  of  H202  production  was  non-linear  during  the 
course  of  these  experiments  and  as  Bax-BH3-mediated 
cytochrome  c  release  takes  several  minutes  to  occur,  we  took 
aliquots  of  the  mitochondrial  suspension  during  the  course  of 
the  FI202  measurements  for  quantification  of  cytochrome  c 
distribution  to  determine  if  a  relationship  exists  between  the 
extent  of  release  and  the  rate  of  FI2O2  fonnation.  These 
aliquots  were  taken  immediately  before  the  addition  of  the 
BF13  peptide  or  vehicle  and  5  and  8  min  later.  The  extent  of 
cytochrome  c  release  and  the  corresponding  rates  of  FFCV 
generation  measured  just  before  sampling  using  glutamate 
and  malate  or  succinate  (in  the  presence  of  rotenone)  are 
presented  in  Fig.  6b.  The  FFO2  production  rate  was  greater 
for  mitochondria  respiring  on  succinate  than  on  glutamate 
and  malate  in  the  absence  of  BFI3  peptide  with  background 
release  of  5-12%  of  the  total  cytochrome  c.  Flowever,  after 
5  min  exposure  to  the  BFI3  peptide,  the  extent  of  cytochrome 
c  release  was  similar  under  these  two  conditions  (60-65%), 
as  were  the  rates  of  IT2O2  formation  (360^120  pmol  per  min 
per  mg  protein).  An  additional  3-min  exposure  to  the  BFI3 
peptide  resulted  in  an  additional  approximately  10%  release 
of  cytochrome  c  and  rates  of  FFO2  production  that  were  very 
similar  for  the  two  sets  of  respiratory  substrates  (466- 
520  pmol  per  min  per  mg  protein).  These  results  indicate  that 
the  release  of  cytochrome  c  by  Bax  plus  a  BF13  peptide 
results  in  a  dose-dependent  stimulation  of  mitochondrial 
ROS  formation  under  physiologically  relevant  in  vitro 
conditions  with  either  succinate  or  NAD-linked  respiratory 
substrates. 

Discussion 

The  main  conclusion  that  can  be  drawn  from  this  study  is  that 
when  A'P  is  reduced  with  mitochondria  respiring  on  either 
NAD-linked  substrates  or  succinate  in  the  absence  of 
rotenone,  ROS  production  is  inhibited  (Figs  1,  2,  3  and  5). 
Conversely,  the  release  of  cytochrome  c  by  either  mitoch¬ 
ondrial  Ca“+  accumulation  or  by  exposure  to  Bax  and  a  BFI3 
domain  peptide  can  significantly  stimulate  mitochondrial 
ROS  production  apparently  independently  of  A'P  (Figs  2,  4 
and  6).  These  observations  were  made  in  vitro  in  the  absence 
of  respiratory  inhibitors  and  in  the  presence  of  physiologi¬ 
cally  relevant  levels  of  ATP,  Mg~+  and  other  ions  that  have  a 
profound  influence  on  mitochondrial  energy  coupling  and  on 


mitochondrial  responses  to  raised  levels  of  Ca2+.  We 
therefore  believe  that  these  observations  may  be  highly 
relevant  to  the  effects  of  both  pathological  levels  of  Ca2+  and 
the  apoptotic  redistribution  of  Bax  and  BFI3  domain  proteins 
that  occurs  in  response  to  many  forms  of  neuronal  stress. 

The  modulation  of  mitochondrial  ROS  generation 
observed  in  the  presence  of  NAD-linked  oxidizable  sub¬ 
strates  is  particularly  important  as  these  substrates  constitute 
the  primary  source  of  fuel  for  oxidative  cerebral  energy 
metabolism.  In  the  presence  of  ATP,  the  uptake  of  Ca“+ 
inhibited  FI2O2  generation  (Figs  1  and  5).  This  inhibition 
appears  to  be  due  to  more  than  one  mechanism,  as  indicated 
by  differences  in  Ca2+-induced  mitochondrial  depolarization 
and  inhibition  of  ROS  production  in  the  absence  and 
presence  of  oligomycin  (Fig.  1).  When  ATP  turnover  was 
blocked  by  oligomycin,  Ca“+  caused  a  substantial  collapse  in 
A'P  and  ~  60%  inhibition  of  IT2O2  generation.  In  the  absence 
of  oligomycin,  Ca2+  accumulation  resulted  in  no  sustained 
reduction  in  A'P  but  ROS  generation  was  still  inhibited  by 
~  80%.  As  independent  experiments  performed  in  the 
absence  of  Ca~+  and  in  the  presence  of  different  concentra¬ 
tions  of  the  protonophore  uncoupler  FCCP  demonstrated  that 
>  50%  of  NAD-linked  ROS  production  is  sensitive  to  A'P 
(Fig.  3),  we  conclude  that  mitochondrial  depolarization  is 
one  of  the  mechanisms  by  which  Ca2+  inhibits  H202 
fonnation.  Votyakova  and  Reynolds  (2001)  reported  previ¬ 
ously  that  the  presence  of  an  uncoupler  does  not  stimulate 
NAD-linked  mitochondrial  ROS  production;  however,  the 
rates  of  H202  generation  they  observed  using  the  scopoletin 
method  of  detection  were  too  low  to  detect  any  inhibitory 
influence  of  membrane  depolarization.  The  mechanism  by 
which  loss  of  A'P  reduces  mitochondrial  IT2O2  formation 
probalby  involves  the  oxidation  of  redox  centers,  e.g. 
coenzyme  Q  or  iron-sulfur  proteins,  which  probably  mediate 
the  generation  of  superoxide  and  therefore  H202. 

Ca‘+-induced  mitochondrial  depolarization  cannot  explain 
the  inhibition  of  NAD-linked  IT2O2  formation  observed  in 
the  absence  of  oligomycin  as  A'P  was  fully  preserved 
(Fig.  1).  One  possible  explanation  for  this  A'P-independent 
inhibition  is  that  Ca2+  may  impair  the  flow  of  electrons 
within  the  electron  transport  chain  at  a  site,  most  likely 
within  Complex  I,  that  is  proximal  to  the  site  of  ROS 
generation.  Evidence  for  selective  impairment  of  NAD- 
linked  respiration  by  Ca~+  was  originally  reported  for  ascites 
tumor  cell  mitochondria  (Villalobo  and  Lehninger  1980),  and 
more  recently  for  neural  cell  mitochondria  (Murphy  et  al. 
1996).  Although  such  inhibition  could  be  caused  by  release 
of  mitochondrial  NAD(Fl)  mediated  by  the  Ca“+-activated 
permeability  transition  (Maciel  et  al.  2001),  it  is  clear  from 
the  maintenance  of  A'P  that  the  permeability  transition  did 
not  occur  under  these  conditions. 

Mitochondrial  Ca2+  uptake  had  an  even  greater  inhibi¬ 
tory  effect  on  succinate-driven  FDCE  production  than  on 
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NAD-linked  ROS  generation  (Fig.  2).  The  explanation  for 
the  greater  inhibition  with  succinate  is  that  Ca2+-induced  loss 
of  A'F  deprives  mitochondria  of  the  energy  required  for 
reverse  transport  of  electrons  from  Complex  II  through 
coenzyme  Q  to  Complex  I  where  sites  of  succinate-based 
ROS  formation  are  located  (Korshunov  et  al.  1997;  Turrens 
1997;  Lass  et  al.  1998;  Liu  et  al.  2002).  The  most  novel 
observation  made  with  succinate  as  the  respiratory  substrate 
in  the  presence  of  rotenone  was  that  Ca2+  actually  stimulated 
H202  production.  Under  these  conditions,  Ca2+-induced 
changes  in  A'F  were  not  expected  to  affect  H202  production 
as  reverse  electron  transport  is  inhibited  by  the  presence  of 
rotenone.  Therefore,  Ca2+-induced  release  of  cytochrome  c 
was  pursued  as  a  possible  mechanism  for  its  stimulation  of 
H202  generation. 

Quantitative  analysis  of  the  extent  of  cytochrome  c 
released  by  the  end  of  experiments  such  as  those  shown  in 
Figs  1  and  2  indicated  that  a  small  but  significant  percentage 
of  cytochrome  c  was  released  following  the  addition  of  Ca2+ 
when  either  glutamate  and  malate,  or  succinate  were  used  as 
respiratory  substrates  (Figs  4  and  5).  Although  cytochrome  c 
was  released  in  response  to  the  addition  of  Ca2+  under  both 
conditions,  Ca2+  only  stimulated  the  production  of  H202  in 
the  presence  of  succinate  plus  rotenone.  The  fact  that 
cytochrome  c  release  was  observed  under  these  conditions 
suggested,  but  did  not  prove,  that  it  was  responsible  for  the 
stimulation  of  H202  generation  by  Ca.  Further  support  for 
this  hypothesis  came  from  experiments  performed  in  the 
absence  of  Ca2+  but  in  the  presence  of  Bax  and  a  BH3  death 
domain  peptide. 

Ca2+-independent  stimulation  of  H202  production  was 
dependent  on  the  presence  of  both  the  human  recombinant 
full-length  Bax  and  the  BH3  peptide  as  neither  component 
alone  had  any  effect  on  either  ROS  generation  or  cytochrome 
c  release  (Fig.  6)  (Fiskum  and  Polster  2001;  Polster  et  al. 
2001).  Release  of  cytochrome  c  was  accompanied  by 
increased  H202  production  in  the  presence  of  glutamate  plus 
malate,  or  succinate  plus  rotenone.  As  the  release  of 
cytochrome  c  interrupts  the  flow  of  electrons  at  a  site  distal 
to  the  sites  of  ROS  generation,  their  redox  states  shift  to  a  more 
reduced  level.  Under  these  conditions,  these  redox  centers  are 
unaffected  by  AT*  because  electron  transport  is  severely 
inhibited  by  the  loss  of  cytochrome  c.  Therefore,  mitochond¬ 
rial  H202  production  is  insensitive  to  A'F  when  cytochrome  c 
is  released  by  conditions,  e.g.  the  Bax/BH3  system,  in  which 
no  other  electron  transport  activities  are  altered. 

Although  the  most  plausible  explanation  for  the  stimula¬ 
tion  of  ROS  production  by  the  release  of  cytochrome  c 
relates  to  the  effect  of  respiratory  inhibition  on  the  redox  state 
of  superoxide-generating  sites  proximal  to  the  site  of 
inhibition,  other  mechanisms  may  also  contribute.  One 
mechanism  is  the  reduction  of  superoxide  scavenging  by 
cytochrome  c  when  it  is  lost  from  the  mitochondrial 
intermembrane  space  to  the  cytosol  (Korshunov  et  al. 


1999).  This  mode  of  action  is  supported  by  the  findings  that 
a  substantial  fraction  of  mitochondrial  superoxide  fonnation 
occurs  at  the  outer  side  of  the  inner  membrane,  where 
cytochrome  c  is  normally  present  in  equilibrium  with  the 
unbound  protein  in  the  intermembrane  space  at  a  concentra¬ 
tion  of  100-700  (im  (Hackenbrock  1966;  Hackenbrock 
1968).  Despite  its  possible  exacerbation  of  mitochondrial 
ROS  generation,  the  redistribution  of  cytochrome  c  into  the 
cytosol  has  been  proposed  to  help  scavenge  superoxide  or 
other  ROS  in  that  compartment  during  glutamate  excito- 
toxicity  (Atlante  et  al.  2000). 

Considerable  attention  has  been  focused  on  the  role  of 
raised  intracellular  Ca2+  in  mitochondrial  dysfunction  and 
ROS  production  preceding  neural  cell  death  (Fiskum  2000). 
Recent  investigations  indicate  that  the  interaction  of  Bax 
with  BFI3  death  domain  only  proteins,  e.g.  Bid,  at  the 
mitochondrial  level  also  contributes  significantly  to  cell 
death  in  animal  models  of  acute  brain  injury  and  neuro- 
degenerative  diseases  (Plesnila  et  al.  2001;  Vila  et  al. 
2001).  One  study  demonstrated  a  relationship  between 
these  two  forms  of  stress  with  Ca~+-induced  mitochondrial 
permeability  transition  signaling  the  redistribution  of  cyto¬ 
solic  Bax  to  the  mitochondrial  membrane  before  cyto¬ 
chrome  c  release  during  apoptosis  (De  Giorgi  et  al.  2002). 
Our  observations  suggest  that  the  stimulation  of  mitoch¬ 
ondrial  ROS  generation  by  Bax-mediated  cytochrome  c 
release  may  be  particularly  important  in  the  pathogenesis  of 
neural  cell  death.  This  stimulation  can  occur  in  the  presence 
of  either  Complex  I  or  Complex  II  respiratory  substrates, 
physiological  concentrations  of  ATP  and  inorganic  ions, 
and  in  the  absence  of  respiratory  poisons.  Development 
of  inhibitors  of  Bax-mediated  cytochrome  c  release  is 
extremely  important  as  they  should  both  block  caspase- 
mediated  apoptosis  and  obstruct  the  mitochondrial  genera¬ 
tion  of  ROS  that  can  promote  either  apoptotic  or  necrotic 
cell  death. 
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Abstract:  Mitochondrial  dysfunction,  due  to  either  environmental  or  genetic 
factors,  can  result  in  excessive  production  of  reactive  oxygen  species,  triggering 
the  apoptotic  death  of  dopaminergic  cells  in  Parkinson’s  disease.  Mitochondri¬ 
al  free  radical  production  is  promoted  by  the  inhibition  of  electron  transport 
at  any  point  distal  to  the  sites  of  superoxide  production.  Neurotoxins  that  in¬ 
duce  parkinsonian  neuropathology,  such  as  MPP+  and  rotenone,  stimulate  su¬ 
peroxide  production  at  complex  I  of  the  electron  transport  chain  and  also 
stimulate  free  radical  production  at  proximal  redox  sites  including  mitochon¬ 
drial  matrix  dehydrogenases.  The  oxidative  stress  caused  by  elevated  mito¬ 
chondrial  production  of  reactive  oxygen  species  promotes  the  expression  and 
(or)  intracellular  distribution  of  the  proapoptotic  protein  Bax  to  the  mitochon¬ 
drial  outer  membrane.  Interactions  between  Bax  and  BH3  death  domain  pro¬ 
teins  such  as  tBid  result  in  Bax  membrane  integration,  oligomerization,  and 
permeabilization  of  the  outer  membrane  to  intermembrane  proteins  such  as 
cytochrome  c.  Once  released  into  the  cytosol,  cytochrome  c  together  with  other 
proteins  activates  the  caspase  cascade  of  protease  activities  that  mediate  the 
biochemical  and  morphological  alterations  characteristic  of  apoptosis.  In  addi¬ 
tion,  loss  of  mitochondrial  cytochrome  c  stimulates  mitochondrial  free  radical 
production,  further  promoting  cell  death  pathways.  Excessive  mitochondrial 
Ca2+  accumulation  can  also  release  cytochrome  c  and  promote  superoxide  pro¬ 
duction  through  a  mechanism  distinctly  different  from  that  of  Bax.  Ca2+  acti¬ 
vates  a  mitochondrial  inner  membrane  permeability  transition  causing 
osmotic  swelling,  rupture  of  the  outer  membrane,  and  complete  loss  of  mito¬ 
chondrial  structural  and  functional  integrity.  While  amphiphilic  cations,  such 
as  dibucaine  and  propranolol,  inhibit  Bax-mediated  cytochrome  c  release, 
transient  receptor  potential  channel  inhibitors  inhibit  mitochondrial  swelling 
and  cytochrome  c  release  induced  by  the  inner  membrane  permeability  transi- 
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don.  These  advances  in  the  knowledge  of  mitochondrial  cell  death  mechanisms 
and  their  inhibitors  may  lead  to  neuroprotecdve  interventions  applicable  to 
Parkinsons’s  disease. 

Keywords:  apoptosis;  cytochrome  c;  calcium;  excitotoxicity;  Bax 


INTRODUCTION 

Parkinson’s  disease  (PD)  is  a  progressive  neurodegenerative  disease  character¬ 
ized  clinically  by  bradykinesia,  rigidity,  resting  tremor,  and  ataxia.  These  symptoms 
are  caused  by  decreased  dopamine  release  in  the  striatum.  Pathologically,  PD  is 
characterized  primarily  by  the  death  of  dopaminergic  neurons  in  the  substantia  nigra 
pars  compacta  and  the  formation  of  ubiquitin-  and  a-synuclein-positive  cytoplasmic 
inclusions  (Lewy  bodies).  The  molecular  mechanisms  responsible  for  these  changes 
are  not  clearly  understood.  One  theory  is  that  mitochondrial  dysfunction,  due  to  ei¬ 
ther  environmental  or  genetic  factors,  results  in  excessive  oxidative  stress  that  trig¬ 
gers  apoptotic  cell  death. 


EVIDENCE  FOR  A  MITOCHONDRIAL  ETIOLOGY  OF 
PARKINSON’S  DISEASE 

Several  lines  of  evidence  support  the  hypothesis  that  mitochondrial  dysfunction 
contributes  to  the  etiology  of  Parkinson’s  disease.  Electron  transport  chain  complex 
I  activity  is  reduced  in  PD  substantia  nigra  autopsy  specimens  as  well  as  in  PD  plate¬ 
lets.1'2  A  mitochondrial  genomic  etiology  for  defective  complex  I  in  PD  is  strongly 
suggested  by  the  presence  of  altered  complex  I  activity,  abnormal  mitochondrial 
morphology,  and  impaired  mitochondrial  energy-dependent  activities  in  cybrid  cell 
lines  containing  a  normal  nuclear  genome  but  mitochondrial  DNA  from  PD  pa¬ 
tients. 3-5  Parkinson’s  disease  cybrids  are  also  more  sensitive  to  death  induced  by 
MPP+,  a  dopaminergic  neuron-selective  toxin  that  induces  Parkinson-like  lesions 
and  symptoms  in  both  humans  and  animals.4  Additional  evidence  for  a  mitochondri¬ 
al  etiology  of  PD  is  the  finding  that  chronic  systemic  treatment  of  rats  with  rotenone, 
a  highly  specific  complex  I  inhibitor,  can  induce  Lewy  body  neuropathology  in  ad¬ 
dition  to  nigrostriatal  dopaminergic  degeneration  and  neurologic  features  of  PD.6 


MITOCHONDRIAL  INITIATION  OF  NECROTIC  AND 
APOPTOTIC  CELL  DEATH 

Mitochondria  have  long  been  considered  as  mediators  of  cell  death  in  neuro¬ 
degenerative  disorders.  The  significance  of  mitochondrial  injury  was  previously 
thought  to  be  limited  to  the  potential  effects  such  injury  has  on  maintaining  sufficient 
cellular  ATP  to  avoid  necrotic  cell  death.  However,  we  now  understand  that  mito¬ 
chondria  are  the  primary  mediators  of  cell  death  caused  by  abnormal  levels  of  intra¬ 
cellular  Ca2+  elicited  during  excitotoxicity7  and  that  mitochondrial  mechanisms  of 
neural  cell  death  include  oxidative  stress  and  apoptosis  in  addition  to  metabolic  fail¬ 
ure  (Fig.  1).  Relatively  mild  mitochondrial  injury,  where  ATP  levels  are  maintained 
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FIGURE  1.  Mitochondrial  mechanisms  of  neural  cell  death.  Exitotoxic  levels  of  intra¬ 
cellular  Ca2+  accumulate  within  mitochondria,  potentially  causing  metabolic  failure,  oxida¬ 
tive  stress,  and  apoptosis  via  the  release  of  cytochrome  c  and  other  proapoptotic 
mitochondrial  proteins.  Proteins,  such  as  Bax,  also  mediate  the  release  of  mitochondrial  cy¬ 
tochrome  c,  which,  in  addition  to  activating  the  caspase  apoptotic  cascade,  can  also  stimu¬ 
late  mitochondrial  free  radical  production.  The  levels  and  (or)  subcellular  distribution  of 
these  proteins  is  under  the  control  of  trophic  factors  and  is  also  affected  by  oxidative  stress. 
Mitochondrial  free  radical  production  is  stimulated  by  the  neurotoxins  MPP+  and  rotenone 
and  may  be  elevated  by  genomic  or  environmentally  mediated  alterations  in  electron  trans¬ 
port  chain  activities. 


near  normal,  results  in  mainly  apoptotic  cell  death.  More  extensive  injury  that  causes 
ATP  depletion  shifts  the  form  of  cell  death  toward  necrosis.  Excessive  accumulation 
of  Ca2+  that  occurs  during  excitotoxic  stimulation  is  likely  not  the  only  mediator  of 
mitochondrial  injury.  Mitochondria  are  the  targets  of  reactive  oxygen  species  (ROS) 
generated  by  a  number  of  different  systems,  including  the  mitochondrial  electron 
transport  chain  (ETC),  cyclooxygenases,  Fe2+-catalyzed  hydroxyl  radical  (OH‘)  for¬ 
mation,  and  peroxynitrite  formed  from  the  reaction  of  nitric  oxide  (NO*)  with  super¬ 
oxide  (02“).  The  levels  and  activities  of  mitochondrial  antioxidant  defense 
systems — for  example,  superoxide  dismutase  and  glutathione  peroxidase — and  the 
redox  state  of  mitochondrial  NAD(P)H  are  therefore  extremely  important  determi¬ 
nants  of  the  extent  of  oxidative  mitochondrial  injury  and  neural  cell  survival. 


THE  INTRINSIC  MITOCHONDRIAL  PATHWAY  OF  APOPTOSIS 

Discovery  of  the  involvement  of  the  release  of  mitochondrial  cytochrome  c  in  the 
activation  of  the  cell  death  protease  (caspase)  cascade  leading  to  apoptosis  is  one  of 
the  most  important  and  certainly  most  unexpected  events  in  the  history  of  cell  death 
research  (Fig.  2).  Release  of  several  proapoptotic  mitochondrial  proteins,  such  as  cy¬ 
tochrome  c  and  apoptosis  initiating  factor  (AIF),  and  their  redistribution  to  the  cytosol 
and  nucleus  during  neural  cell  death  in  vitro  and  in  vivo  are  well  documented.7  Sev- 
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Ca2*  ROS  Ceramide 


FIGURE  2.  Mitochondrial  participation  in  apoptosis.  Agents,  such  as  Ca2+,  ROS,  and 
ceramide,  as  well  as  proapoptotic  proteins,  such  as  Bax,  stimulate  the  release  of  other  pro- 
apoptotic  proteins — for  example,  cytochrome  c  (C  in  the  figure) — from  the  mitochondrial 
intermembrane  space  into  the  cytosol.  Cytochrome  c  and  procaspase  9  together  with  apop¬ 
tosis  activating  factor  1  (Apaf-1)  form  a  multiprotein  complex  (apoptosome)  that  activates 
caspase  9,  which  then  cleaves  procaspase  3,  forming  active  caspase  3.  This  caspase,  together 
with  other  caspases  it  activates,  proteolytically  degrades  a  variety  of  proteins,  causing  the 
molecular  and  morphological  alterations  characteristic  of  apoptosis.  Cell  surface  “death  re¬ 
ceptors,”  such  as  Fas,  can  activate  caspase  3  directly  through  activation  of  caspase  8  (not 
shown)  or  participate  in  the  mitochondrial  pathway  by  processing  Bid  to  form  tBid,  which 
greatly  stimulates  the  release  of  cytochrome  c  by  Bax.  The  antiapoptotic  protein  Bcl-2  is  ca¬ 
pable  of  inhibiting  the  release  of  cytochrome  c  mediated  by  either  Ca2+  or  Bax. 


eral  factors  are  capable  of  triggering  the  release  of  proapoptotic  proteins  from  mito¬ 
chondria,  including  elevated  Ca2+,  ROS,  ceramide,  and  other  cell  death  proteins,  such 
as  Bax  and  tBid.  Some  apoptotic  proteins,  such  as  tBid,  are  activated  by  proteolytic 
cleavage  and  redistribute  to  the  mitochondria  in  response  to  signals — for  example,  ac¬ 
tivation  of  the  Fas  and  tumor  necrosis  factor  (TNF)-a  “cell  death  receptors.”  In  addi¬ 
tion  to  setting  the  mitochondrial  pathway  in  motion,  these  receptors  can  trigger 
apoptosis  via  an  “extrinsic  pathway”  by  stimulating  caspase  8-medated  activation  of 
caspase  3  through  proteolytic  cleavage.  We  obtained  evidence  for  Fas  receptor  acti¬ 
vation  in  the  penumbra  surrounding  brain  infarcts  caused  by  closed  head  injury  in  hu¬ 
mans.8  The  involvement  of  Fas  and  TNFa  receptor  activation  in  PD  dopaminergic 
cell  death  is  less  clear.  While  the  ligands  for  these  receptors  and  other  inflammatory 
cytokines  are  elevated  in  nigrostriatal  dopaminergic  regions  and  in  the  cerebrospinal 
fluid  of  PD  patients,9  these  changes  may  reflect  nonneuronal,  proinflammatory  cell 
activation.10  Despite  this  controversy,  abundant  evidence  obtained  from  patients  and 
from  animal  models  indicates  that  apoptosis  plays  a  critical  role  in  PD  dopaminergic 
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cell  death  and  that  the  mitochondrial  pathway  of  apoptosis  is  integrally  involved.11 
Therefore,  the  molecular  mechanisms  responsible  for  the  release  of  proapoptotic  pro¬ 
teins  from  mitochondria  are  potential  targets  for  therapeutic  intervention  in  PD. 

There  are  two  fundamentally  different  mechanisms  of  mitochondrial  protein  re¬ 
lease  under  consideration.  The  first  involves  physical  disruption  of  the  mitochondrial 
outer  membrane  and  simple  diffusion  of  cytochrome  c  from  its  normal  exclusive  lo¬ 
cation  in  the  space  located  between  the  outer  and  inner  mitochondrial  membranes. 
The  second  mechanism  involves  transport  of  cytochrome  c  through  a  pore  located  in 
the  outer  membrane. 

A  likely  cause  for  the  physical  disruption  of  the  outer  membrane  is  the  osmotic 
swelling  of  the  compartment  surrounded  by  the  inner  membrane  (matrix)  due  to  an 
increased  permeability  of  the  inner  membrane  to  small  osmotically  active  solutes. 
There  is  a  large  body  of  literature  describing  this  swelling  phenomenon  known  as  the 
mitochondrial  membrane  permeability  transition  (MPT).12  This  activity  is  triggered 
by  abnormal  mitochondrial  Ca2+  accumulation  and  is  promoted  by  oxidative  stress 
and  reactive  metabolites,  such  as  peroxynitrite.  The  MPT  is  generally  defined  as  a 
relatively  nonspecific  increase  in  inner  membrane  permeability  that  results  in  a  sub¬ 
stantial  increase  in  matrix  volume  and  a  decrease  in  mitochondrial  membrane  poten¬ 
tial  that  can  be  inhibited  by  the  presence  of  the  drug  cyclosporin  A  (CsA)  and  by 
overexpression  of  the  antiapoptotic  gene  Bcl-2,13  both  of  which  protect  against 
MPP+-induced  dopaminergic  cell  death.14’15  Although  CsA  is  very  effective  at  in¬ 
hibiting  the  MPT  for  non  neural  cell  mitochondria,  Ca2+-induced  cytochrome  c  re¬ 
lease  from  brain  mitochondria  is  relatively  resistant  to  inhibition  by  CsA  in  the 
presence  of  physiologically  realistic  concentrations  of  the  cytosolic  components 
Mg2+ and  ATP.16 

We  recently  found  that  2-aminoethoxydiphenyl  borate,  an  inhibitor  of  transient 
receptor  potential  (TRP)  channels,  is  much  more  effective  than  CsA  at  protecting 
against  Ca2+-hiduced  cytochrome  c  release  from  brain  mitochondria.17  This  obser¬ 
vation  and  others  suggest  that  the  MPT  is  associated  with  activation  of  Tip  channels, 
a  potential  new  class  of  targets  for  neuroprotection  in  PD  and  other  brain  disorders. 

The  MPT  is  an  attractive  mechanism  of  acute  neural  injury  due  to  its  activation 
by  factors  known  to  be  associated  with  excitotoxicity  and  because  of  its  sensitivity 
to  inhibition  by  certain  drugs  and  gene  products  known  to  be  neuroprotective.  How¬ 
ever,  increasing  evidence  indicates  that  the  mechanism  by  which  proapoptotic  pro¬ 
teins  such  as  Bax  and  tBid  release  cytochrome  c  and  cause  other  forms  of 
mitochondrial  dysfunction  is  independent  of  the  MPT  and  involves  either  pore  for¬ 
mation  or  lipid  alterations  at  the  mitochondrial  outer  membrane. 18-20  The  potential 
importance  of  Bax  in  PD  is  illustrated  by  the  observation  that  Bax-knockout  mice 
are  resistant  to  nigrostriatal  cell  death  induced  by  MPP+.21 

The  Bax-mediated  mechanism  of  cytochrome  c  release  is  not  inhibited  by  CsA 
but  is  inhibited  by  specific  amphiphilic  cations,  such  as  dibucaine  and  propranolol, 
known  to  affect  membrane  lipid-protein  interactions.22  In  addition  to  activation  of 
proapoptotic  proteins  like  Bid  by  cell  death  receptors,  expression  of  the  genes  coding 
for  these  proteins  and  mitochondrial-protein  interactions  are  promoted  by  high  Ca2+ 
and  ROS  through  their  stimulation  of  complex  signal  transduction  cascades.22 
Therefore,  Ca2+  together  with  oxidative  stress  can  promote  cytochrome  c  release  and 
apoptosis  by  both  the  MPT-  and  Bax-mediated  molecular  mechanisms  that  exhibit 
different  pharmacologic  sensitivities. 
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Mechanisms  of  mitochondrial  proapoptotic  protein  release  in  addition  to  the 
MPT-  and  Bax-dependent  pathways  should  also  be  considered.  As  AIF  release  ap¬ 
pears  downstream  of  cytochrome  c  release  and  caspase  activation,24  it  is  possible 
that  proteolytic  cleavage  of  AIF  or  an  anchoring  protein  might  be  necessary.  Also, 
as  cytochrome  c  release  stimulates  mitochondrial  generation  of  reactive  oxygen  spe¬ 
cies,25  the  oxidative  modification  of  mitochondrial  membrane  lipids  or  proteins 
could  be  another  event  responsible  for  or  promoting  release  of  proapoptotic  mito¬ 
chondrial  proteins. 

A  possible  key  to  the  development  of  mitochondrial  neuroprotective  interven¬ 
tions  is  the  understanding  of  the  mechanisms  by  which  the  antiapoptotic,  mitochon¬ 
drial  protein  Bcl-2  inhibits  cytochrome  c  release  mediated  by  both  MPT-dependent 
and  -independent  pathways.  Bcl-2  and  its  close  relative  Bcl-XL  exert  some  form  of 
antioxidant  activity  that  confers  cytoprotection  against  ROS  that  may  also  inhibit  ac¬ 
tivation  of  the  MPT.13-26  In  contrast,  Bcl-2  inhibition  of  Bax  appears  to  involve  di¬ 
rect  protein-protein  interaction,  impairment  of  Bax  oligomerization,  and 
consequently  inhibition  of  pore  formation.27  Stimulation  of  Bcl-2  expression  has 
been  demonstrated  in  several  ischemic  preconditioning  paradigms  and  may  repre¬ 
sent  a  primary  mechanism  of  neuroprotection  by  estrogen.28  Investigators  have  also 
utilized  protein  transduction  domains  to  deliver  exogenous  Bcl-XL  to  cells  through¬ 
out  the  brain  and  have  demonstrated  neuroprotection  when  these  fusion  proteins 
were  administered  by  intraperitoneal  injection  up  to  1  hour  following  the  occlusion 
of  the  middle  cerebral  artery  of  mice.29  Delivery  of  neuroprotective  proteins,  such 
as  Bcl-2  and  glial  cell  line-derived  neurotrophic  factor  (GDNF),  as  a  therapeutic  ap¬ 
proach  for  neurodegenerative  disorders  like  Parkinson’s  disease  is  therefore  possible 
and  may  prove  to  be  effective. 


MITOCHONDRIAL  MECHANISMS  OF  REACTIVE  OXYGEN 
SPECIES  GENERATION 

As  several  lines  of  evidence  suggest  that  elevated  mitochondrial  ROS  production 
contributes  to  the  etiology  of  Parkinson’s  disease  and  as  oxidative  stress  is  a  potent 
activator  of  apoptosis,  understanding  the  mechanisms  of  mitochondrial  free  radical 
production  is  critically  important  in  elucidating  the  pathophysiology  of  Parkinson’s 
and  other  neurodegenerative  diseases.  The  two  most  commonly  cited  sites  of  mito¬ 
chondrial  ROS  production  are  ubisemiquinone  (during  complex  III  reduction)  and 
complex  I,  although  others,  such  as  complex  II,  may  also  contribute.30  The  site  of 
mitochondrial  ROS  production  implicated  most  strongly  in  Parkinson’s  disease  is 
complex  I  of  the  electron  transport  chain.  Some  neurotoxins  that  induce  PD  neuro¬ 
pathology  in  vivo ,  such  as  MPP+  and  rotenone,  are  inhibitors  of  complex  I  and  stim¬ 
ulate  ROS  generation  in  vitro?1  Acting  along  with  hydroxyl  radical  (OH")  and 
peroxynitrite  (HNOO-),  these  ROS  species  can  cause  oxidative  damage  and  inhibi¬ 
tion  of  mitochondrial  enzyme  activities,  including  those  of  complex  I  and  alpha-ke- 
toglutarate  dehydrogenase  complex  (aKGDC)  (Fig.  3). 32,33  This  inhibition  can  lead 
to  metabolic  failure  through  impairment  of  electron  transport-dependent  generation 
of  the  proton-motive  force  that  drives  the  synthesis  of  ATP.  Complete  detoxification 
of  superoxide  depends  on  the  enzymes  superoxide  dismutase  (SOD),  glutathione 
peroxidase  (GPX),  and  glutathione  reductase  (GR)  together  with  glutathione  and  a 
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FIGURE  3.  Mitochondrial  generation  and  detoxification  of  reactive  oxygen  species. 
The  site  of  mitochondrial  reactive  oxygen  species  (ROS)  production  most  widely  implicated 
in  Parkinson’s  disease  is  complex  I  of  the  electron  transport  chain.  Indirect  evidence  for  in¬ 
volvement  of  complex  I  includes  the  observations  that  neurotoxins  capable  of  inducing  Par¬ 
kinson’s  symptoms  and  neuropathology  in  vivo,  such  as  MPP+  and  rotenone,  are  inhibitors 
of  complex  I  and  stimulate  ROS  generation  in  vitro.  However,  these  same  agents  result  in 
inhibition  of  the  overall  enzyme  activity  of  a-ketoglutarate  dehydrogenase  complex 
(aKGDC),  a  multisubunit  complex  that  can  also  catalyze  superoxide  (02_)  and  consequent¬ 
ly  H2O2  production.  The  ROS  metabolites  most  likely  to  mediate  oxidative  injury  to  mito¬ 
chondria  and  other  cellular  constituents  are  hydroxyl  radical  (OH‘)  and  peroxynitrite 
(HNOO-).  These  agents  can  cause  oxidative  damage  and  inhibition  of  mitochondrial  en¬ 
zyme  activities,  including  those  of  complex  I  and  aKGDC.  This  inhibition  can  lead  to  met¬ 
abolic  failure  through  impairment  of  electron  transport-dependent  generation  of  the  proton- 
motive  force  that  drives  the  synthesis  of  ATP  at  complex  V  (F[Fo  ATP  synthetase).  Complete 
detoxification  of  superoxide  depends  on  the  enzymes  superoxide  dismutase  (SOD),  glu¬ 
tathione  peroxidase  (GPX),  and  glutathione  reductase  (GR)  together  with  glutathione  and  a 
sufficiently  reduced  redox  state  of  NAD(P)H  to  drive  the  reduction  of  glutathione  and  con¬ 
sequently  the  reduction  of  H202  to  H20. 


sufficiently  reduced  redox  state  of  NAD(P)H  to  drive  the  reduction  of  glutathione 
and  consequently  the  reduction  of  H202  to  H20. 

Our  recent  observations  indicate  that  in  addition  to  complex  I,  several  tricarbox¬ 
ylic  acid  cycle  dehydrogenases  are  potential  sources  of  ROS,  with  aKGDH  appear¬ 
ing  the  most  active.34  In  particular,  the  rate  of  ROS  production  by  isolated  brain 
mitochondria  measured  under  a  state  of  rapid  metabolism,  as  normally  exists  in  neu¬ 
rons,  was  highest  with  a-ketoglutarate  as  respiratory  substrate,  even  though  several 
other  substrates  support  higher  rates  of  respiration.  Zinc  also  promotes  ROS  produc¬ 
tion  by  the  lipoamide  dehydrogenase  component  of  aKGDH,  but  it  inhibits  overall 
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enzyme  activity.35  Considering  the  findings  that  environmental  exposure  to  zinc  is  a 
risk  factor  for  Parkinson’s  disease  and  that  aKGDH  enzyme  activity  is  reduced  in 
PD  and  in  Alzheimer’s  disease,36  the  relationships  between  this  enzyme  complex, 
ROS  production,  and  dopaminergic  cell  death  in  cellular  and  animal  models  of  PD 
require  further  investigation. 
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Abstract 

To  determine  whether  maintained  estrogen  or  progesterone  levels  affect  kainic  acid  (KA)  seizure  patterns  or  the  susceptibility  of 
hippocampal  neurons  to  death  from  seizures,  ovariectomized  Sprague-Dawley  rats  were  implanted  with  estrogen  pellets,  0.1  or  0.5  mg,  that 
generated  serum  levels  of  42.4  ±  6.6  (mean  ±  SEM)  and  242.4  ±  32.6  pg/ml  or  one  to  six  capsules  of  progesterone  that  generated  serum 
levels  of  11.00  ±  .72  to  48.62  ±  9.4  ng/ml.  Seven  days  later,  the  rats  were  administered  KA  (8.5mg/kg,  ip)  and  scored  for  seizure  activity; 
96  h  later,  the  rats  were  killed  and  their  brains  processed  for  localization  of  neuron  nuclear  antigen  (NeuN),  a  general  neuronal  marker.  The 
hippocampus  was  scored  for  spread  (the  number  of  separate  regions  showing  cell  loss),  and  the  area  within  the  CA  fields  occupied  by  NeuN 
immunoreactivity  was  measured  (indicating  surviving  neurons).  Administration  of  estrogen  or  progesterone  (independent  of  dose) 
significantly  reduced  mortality  from  KA  seizures.  Progesterone  reduced  seizure  severity  in  animals  that  received  one  to  four  implants; 
compared  with  controls,  no  difference  in  seizure  severity  was  noted  for  animals  with  six  progesterone  implants.  The  reduced  seizures  in 
progesterone-treated  animals  were  accompanied  by  a  reduction  in  the  spread  of  hippocampal  damage  (r2  =  0.87;  P  <  0.05).  Likewise,  in 
progesterone-treated  rats,  neuron  survival  and  reduction  in  seizure  scores  were  correlated  (r2  =  0.76;  P  <  0.0001).  Estrogen  had  no  effect 
on  seizure  severity  (P  >  0.05),  but  reduced  both  the  spread  (P  <  0.05)  and  degree  of  neuronal  loss  (. P  <  0.05).  Indeed,  in  the 
estrogen-treated  rats,  neuronal  death  was  significantly  lower  than  that  observed  in  progesterone-treated  animals  with  equally  severe  seizures 
(P  <  0.05).  These  data  are  consistent  with  the  hypothesis  that  progesterone  produces  its  effects  by  reducing  seizures,  whereas  estrogen  has 
little  beneficial  effect  on  seizure  behavior  but  protects  the  hippocampus  from  the  damage  seizures  produce. 

©  2003  Elsevier  Science  (USA).  All  rights  reserved. 

Keywords:  Estrogen;  Progesterone;  Neuroprotection;  Excitoxicity;  Limbic  seizures;  Epilepsy;  Neuronal  nuclear  antigen 


Introduction 

Complex  partial  seizures  involve  the  limbic  system  and 
comprise  the  most  common  form  of  epilepsy.  In  women,  the 
pattern  of  complex  partial  seizures  is  influenced  by  the 
hormonal  changes  that  occur  across  the  menstrual  cycle 
(Herkes  et  al.,  1993;  Herzog  et  al.,  1997;  Morrell,  1992, 
1999;  Murri  and  Galli,  1997;  Schachter,  1988).  Increased 
seizure  incidence  is  observed  in  the  menstrual  phase,  when 
both  estrogen  and  progesterone  levels  are  low,  as  well  as  in 
the  follicular  phase,  when  estrogen  levels  are  on  the  rise.  By 
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contrast,  decreased  seizure  incidence  is  noted  during  the 
luteal  phase  when  progesterone  levels  are  high  relative  to 
estrogen.  In  animals,  estrogen  administration  decreases 
while  progesterone  increases  seizure  thresholds  (Beyenburg 
et  al.,  2001;  Buterbaugh,  1987,  1989;  Buterbaugh  and  Hud¬ 
son,  1991;  Edwards  et  al.,  1999;  Horn  and  Buterbaugh, 
1986);  these  differential  steroid  effects  are  used  to  explain 
the  cycle-dependent  changes  in  seizure  patterns  in  women. 
Indeed,  the  effects  observed  with  progesterone  form  the 
basis  for  progesterone  treatment  of  women  with  catemenial 
epilepsy  (Bauer,  2001;  Bonuccelli  et  al.,  1989;  Herzog, 
1995;  Herzog  et  al.,  1997;  Holmes  et  al.,  2001;  Morrell, 
1992,  1999;  Murri  and  Galli,  1997). 

Limbic  system  seizures,  when  persistent,  increase  the 
risk  of  permanent  damage  to  the  hippocampal  formation 
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(Kalviainen  et  al.,  1998;  Mathern  et  al.,  1998;  Moshe,  1998; 
Salmenpera  et  al.,  2001;  Tasch  et  al.,  1999;  Theodore  et  al., 

1999) .  Thus,  an  understanding  of  the  hormonal  effects  on 
limbic  seizures  and  the  damage  they  produce  is  critical  to 
the  design  of  rational  treatments.  In  animals,  the  use  of  the 
toxin  kainic  acid,  an  excitatory  amino  acid  analog,  produces 
limbic  seizures  that  damage  neurons  in  the  hippocampal 
formation  and  surrounding  structures,  particularly  CA1, 
CA3,  hilus,  and  entorhinal  cortex,  while  sparing  CA2  and 
the  dentate  gyrus  (Ben-Ari  et  al.,  1980;  Gayoso  et  al.,  1994; 
Jarrard,  1983;  Lothman  and  Collins,  1981;  Olney  et  al., 
1979,  1986;  Sperk,  et  al.,  1983).  Progesterone  treatment 
reduces  limbic  seizures  in  a  variety  of  experimental  models 
(Edwards  et  al.,  1999;  Frye  and  Bayon,  1998;  Frye  and 
Scalise,  2000;  Tauboll  and  Findstrom,  1993)  but  it  is  un¬ 
clear  if  the  steroid  has  any  neuroprotective  effects  of  its  own 
apart  from  its  effects  on  seizure  activity  per  se. 

For  estrogen,  a  few  studies  suggest  that  despite  the  po¬ 
tential  for  increased  seizures,  estrogen  may  reduce  neuronal 
death  from  seizures  (Azcoitia  et  al.,  1999;  Veliskova  et  al., 

2000) .  However,  those  studies  only  used  injected  steroid 
(which  produces  variable  hormone  levels)  and  doses  that 
often  exceeded  the  physiological  range.  Thus,  it  is  unclear  if 
the  effects  of  estrogen  are  dose-dependent.  To  fill  those 
gaps,  the  studies  presented  in  this  manuscript  sought  to 
determine  if  maintained  physiological  levels  of  either  estro¬ 
gen  or  progesterone  affected  kainic  acid  (KA)  seizure  pat¬ 
terns  and  if  these  hormones  could  alter  the  relationship 
between  seizure  severity  and  brain  injury. 

Methods 

Animal  treatment 

Adult  female  Sprague-Dawley  rats  (200-225  g)  were 
maintained  on  12:12  light:dark  cycle  (lights  on  at  3:30 
EST).  After  a  1-week  acclimation,  rats  were  anesthetized 
with  Metofane  and  ovariectomized  under  sterile  conditions; 
7  days  later  they  were  implanted  with  blank  silastic  capsules 
(n  =  18;  capsule  length  =  40  mm;  OD  =  0.125mm;  ID  = 
0.078mm);  estrogen  pellets  (estradiol- 17/3,  0.5mg/21  day,  n 
=  6;  or  0.1  mg/21  day,  n  =  8;  Innovative  Research  of 
America,  Sarasota,  FF);  or  1  (n  =  3),  2  (n  =  9),  4  (n  =  6), 
or  6  (n  =  8)  silastic  capsules  containing  crystalline  proges¬ 
terone  (capsule  length  =  40  mm;  OD  =  0.125mm;  ID  = 
0.078  mm;  Sigma,  St.  Fouis  MO)  designed  to  achieve 
progesterone  plasma  levels  of  10-60  ng/ml. 

Behavioral  testing 

Seven  days  after  implants  or  pellets  were  inserted,  half 
the  control  animals  and  the  steroid-replaced  animals  were 
administered  KA  at  a  dose  of  8.5  mg/kg,  ip.  The  remaining 
control  rats  received  an  equal  volume  of  saline  vehicle.  The 
behavior  of  the  animals  was  monitored  by  an  individual 


blind  to  the  animal  treatment  for  6  h  following  saline  or  KA 
injection  and  assigned  a  score  for  seizure  behaviors  using 
the  following  scale  modified  from  Fothman  (Fothman  and 
Collins,  1981): 

1  =  minor  behaviors  such  as  catatonia,  wet  dog  shakes 
(WDS),  scratching,  sniffing,  and  head  bobbing; 

2  =  minor  behaviors  +  chewing  and  salivation,  rearing 
without  loss  of  balance; 

3  =  minor  behaviors  +  chewing  and  salivation,  rearing 
with  ataxia; 

4  =  biclonus  seizure  activity;  and 

5  =  death.  Following  the  observation  period  the  animals 
were  returned  to  the  vivarium. 

Tissue  preparation  and  neuroanatomical  analysis 

Ninety-six  hours  after  injection  of  KA  or  vehicle,  each 
animal  was  anesthetized  with  an  overdose  of  pentobarbital 
(100  mg/kg,  ip),  a  blood  sample  was  removed  directly  from 
the  heart,  and  the  animals  were  perfused  transcardially  with 
saline  containing  2%  sodium  nitrite,  followed  by  fixation 
with  2.5%  acrolein  in  4%  paraformaldehyde  in  0.05  M 
phosphate  buffer,  pH  6.8  (Hoffman  et  al.,  2001).  The  brains 
were  removed,  sunk  in  30%  sucrose,  and  sectioned  at  25 
(im  on  a  Feica  freezing  microtome  (Bannockburn,  IF).  The 
sections  were  placed  into  antifreeze  cryoprotectant  solution 
(Watson  et  al.,  1986)  and  stored  at  — 20°C  until  immuno- 
cytochemical  localization  of  NeuN  (a  neuron-specific 
marker  that  stains  nuclei  and  frequently  dendrites  and  soma 
(Mullen  et  al.,  1992;  Wolf  et  al.,  1996))  was  initiated. 

Brain  sections  from  each  animal  (1:6  series)  that  con¬ 
tained  the  entorhinal  cortex  and  hippocampal  formation 
were  processed  for  NeuN  immunoreactivity  using  standard 
immunocy  toe  hemic  al  techniques  (Hoffman  et  al.,  2001). 
Following  immunocy tochemical  staining,  the  slides  were 
coded  and  examined  for  the  number  of  separate  regions  that 
showed  neuron  loss  (“spread  of  damage”).  This  parameter 
was  chosen  due  to  the  variability  in  sites  of  hippocampal 
damage  in  less  severely  affected  rats  with  respect  to  which 
particular  CA  subfield  showed  damage.  Second,  neuronal 
survival  was  assessed  by  measuring  the  area  occupied  by 
NeuN  immunoreactivity  within  the  CA  subfields  at  the 
coronal  level  where  the  CA  regions  showed  maximal  length. 
To  accomplish  this,  an  image  of  the  section  was  captured 
with  a  4X  objective  on  a  Nikon  Eclipse  800  microscope 
using  a  Sensys  digital  camera  (Biovision  Technologies, 
Exton,  PA).  With  IP  Spectrum  software  (Scanalytics,  Fair¬ 
fax,  VA)  operating  on  a  Power  Computing  Macintosh  com¬ 
puter,  the  CA  area  (in  square  micrometers)  occupied  by 
NeuN  immunoreactive  structures  was  determined.  Reduc¬ 
tions  in  NeuN  area  reflected  the  degree  of  neuron  loss.  To 
control  for  slight  variation  in  hippocampal  orientation,  the 
total  CA  length  was  determined  for  each  section  and  the 
NeuN  area  measurements  were  normalized  for  CA  length 
(NeuN  area/ pun  length). 
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Fig.  1 .  (A)  Serum  levels  of  progesterone  (P).  Each  bar  represents  the  mean 
±  SEM  for  serum  levels  of  P  in  nanograms  per  milliliter  for  animals  that 
were  ovariectomized  and  received  blank  capsules  (pooling  animals  that 
later  were  administered  saline  with  animals  that  received  KA)  or  one,  two, 
four,  or  six  capsules  containing  P.  (B)  Plasma  )3-estradiol  (E)  levels  (mean 
±  SEM)  in  picograms  per  milliliter  for  ovariectomized  animals  implanted 
with  estradiol  pellets  containing  either  0.5  mg/21  day  release  or  0.1  mg/21 
day  release.  Ovariectomized  animals  had  E  values  below  detection  in  the 
assay. 

Radioimmunoassay  for  estrogen  and  progesterone 

Atrial  blood  was  collected  at  the  time  of  perfusion  to 
determine  serum  progesterone  and  estrogen  concentrations 
for  the  various  treatment  paradigms.  After  2  h  at  room 
temperature  to  allow  for  clot  formation,  serum  was  sepa¬ 
rated  by  centrifugation.  Samples  were  stored  at  —  20°C 
until  radioimmunoassays  were  initiated.  For  estradiol, 
samples  were  first  extracted  with  diethyl  ether.  Serum  pro¬ 
gesterone  and  estrogen  concentrations  were  determined 
using  the  Diagnostics  Products  Corporation  Coat-A-Count 
kit  (Estradiol,  TKE25;  Progesterone,  TKPG2;  Los  Angeles, 
CA). 

Statistical  analysis 

Significant  differences  among  treatment  groups  were  an¬ 
alyzed  using  the  nonparametric  Kruskall-Wallis  test  fol¬ 


lowed  by  post  hoc  Mann-Whitney  U  tests;  P  <  0.05  was 
considered  significant.  Correlations  between  the  various 
measures  were  assessed  using  a  simple  regression  analysis 
and  GB-Stat  software;  P  <  0.05  was  considered  significant. 


Results 

Hormone  levels 

The  placement  of  one  to  six  progesterone  implants  re¬ 
sulted  in  serum  progesterone  levels  averaging  from  1 1  to  48 
ng/rnl  (Fig.  1A);  these  values  are  all  within  physiological 
ranges.  Since  the  placement  of  two  or  four  implants  pro¬ 
duced  essentially  the  same  progesterone  levels,  the  data 
from  those  two  groups  were  pooled  in  subsequent  analyses. 
The  0.5  mg/21  day  and  0.1  mg/21  day  estrogen  pellets 
produced  hormone  levels  of  242.4  ±  32.6  pg/ml  and  42.4  ± 
6.6  pg/ml,  respectively  (Fig.  IB).  Only  the  lower  dose  was 
within  the  physiological  range. 

Mortality 

One  striking  feature  of  animals  replaced  with  estrogens 
or  progesterone  was  a  reduction  in  the  mortality  rate.  Seven 
of  the  24  animals  (29.2%)  that  received  blank  capsules  and 
KA  died,  whereas  for  E,  only  4  of  48  animals  (8.3%)  died 
and  for  P,  3  of  34  animals  (8.8%)  died.  There  was  no 
obvious  relationship  of  mortality  to  dose  of  replaced  hor¬ 
mone  (Table  1). 

Seizure  severity 

Seizure  severity  was  significantly  reduced  in  progester¬ 
one-treated,  but  not  estrogen-treated,  rats  (Fig.  2A).  This 
reduction  in  seizure  severity  by  progesterone  was  dose- 
dependent.  In  animals  with  one  or  two  to  four  progesterone 
implants,  seizure  scores  were  significantly  reduced  com¬ 
pared  with  ovariectomized  animals  treated  with  KA  that 
received  blank  capsules  (for  PI,  P  =  0.05;  for  P2-4,  P  < 
0.0005).  No  significant  difference  in  seizure  severity  was 
noted  in  animals  that  received  six  implants  compared  to 
blanks  (P  >  0.05).  As  a  result,  animals  that  had  only  mild 


Table  1 

Mortality  after  kainic  acid  seizures 


Treatment  group 

No.  died 

Total 

% 

Blank  +  KA 

7 

24 

29.2 

E-0.1  mg/21  d  +  KA 

2 

25 

8.0 

E-0.5  mg/21  d  +  KA 

2 

23 

8.7 

E  Combined 

4 

48 

8.3 

PI  +  KA 

0 

6 

0.0 

P2-4  +  KA 

2 

18 

11.1 

P6  +  KA 

1 

10 

10.0 

P  Combined 

3 

34 

00 

bo 
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Fig.  2.  (A)  Effects  of  hormone  treatment  on  KA-induced  seizures.  Animals 
fitted  with  one  or  two  to  four  P  implants  showed  significantly  lower  seizure 
scores  (*P  <  0.05)  than  animals  treated  with  KA  that  received  no  hormone 
treatment  (B  +  KA).  In  contrast,  animals  that  received  six  P  pellets  showed 
no  suppression  of  KA  seizures  as  did  animals  fitted  with  E  pellets.  Values 
represent  the  mean  ±  SEM.  (B)  Comparison  of  plasma  P  levels  in  animals 
which  displayed  either  severe  (score  >  2.0)  or  mild  (score  <  2.0)  seizures. 
P-implanted  animals  with  severe  seizures  had  significantly  higher  P  levels 
than  P-treated  animals  that  had  mild  seizures  ( P  <  0.02). 


seizures  in  the  progesterone-treated  group  (i.e.,  seizure 
scores  <2.0)  had  significantly  lower  plasma  P  values  (mean 
plasma  P  =  25.0  ±  3.2)  than  animals  treated  with  P  that  had 
severe  seizures  with  scores  >2.0  (mean  plasma  P  =  45.6  ± 
12.0;  P  <  0.05;  Fig.  2B). 

Number  of  areas  showing  neuronal  loss:  spread  of 
damage 


In  P-treated  animals,  the  spread  of  damage  induced  by 
KA  administration  was  independent  of  plasma  P  level  (Fig. 
3).  Rather,  in  P-treated  animals,  spread  of  damage  was 
directly  influenced  by  seizure  severity.  Animals  displaying 
a  high  level  of  seizure  activity  (score  >2)  after  KA  had  a 
greater  number  of  areas  showing  neuronal  loss  than  animals 
with  lower  seizure  activity  (score  <  2)  (Fig.  4C-E  and  Fig 
5B,  r  =  .665;  P  <  .0001;  Fig.  6). 

In  estrogen-treated  animals,  fewer  hippocampal  regions 
showed  signs  of  neuron  loss  after  KA  treatment  than  con¬ 
trols  (Fig.  3,  P  <  0.05;  Fig.  4F  and  G)  despite  the  persis¬ 
tence  of  seizures  (Fig.  2A).  Therefore,  unlike  progesterone, 
the  effect  of  estrogen  on  the  spread  of  damage  was  not 
dose-dependent  (Fig  3;  P  >  0.05)  nor  was  it  correlated  with 
seizure  severity  (Fig.  5C;  r2  =  0.049,  P  >  0.05).  Thus,  even 
when  animals  displayed  severe  seizures  following  KA,  es¬ 
trogen  administration  (at  either  high  or  low  doses)  limited 
the  number  of  hippocampal  regions  that  showed  any  neu¬ 
ronal  damage  (Fig.  6). 

Loss  of  neurons  in  CA  subfields:  area  occupied  by  NeuN 
immunoreactivity 

Compared  with  saline-treated  control  animals  (blank 
capsules),  KA -treated  control  rats  with  high  seizure  activity 
had  significant  losses  of  NeuN  in  the  CA  subfields  (p  < 
0.005;  Fig.  7).  Overall,  the  losses  in  NeuN  immunoreactiv¬ 
ity  in  the  Blank  +  KA  group  were  highly  correlated  with 
seizure  score  (Fig.  8A;  r2  =  0.47,  P  <  0.02). 

In  animals  treated  with  P,  the  animals  with  high  seizure 
scores  also  had  severe  reductions  in  NeuN  compared  with 
controls  (*P  <  0.005;  Fig.  7).  The  NeuN  losses  in  P-treated 


On  average,  approximately  three  hippocampal  areas 
showed  neuronal  loss  in  control  animals  after  KA  treatment 
(Fig.  3).  This  typically  included  the  entorhinal  cortex  (not 
shown),  CA1,  CA3,  or  the  hilus  (Fig.  4B  compared  with 
controls.  Fig.  4A).  CA2  and  the  dentate  gyrus  were  gener¬ 
ally  spared.  The  spread  of  damage  after  KA  administration 
varied  significantly  with  the  level  of  seizure  activity  (Fig. 
5A;  r2  =  0.45;  P  <  0.02). 


Treatment  Group 

Fig.  3.  Effects  of  hormonal  treatment  on  the  spread  of  damage  to  the 
hippocampal  formation  after  KA  treatment.  Values  represent  the  number  of 
hippocampal  formation  regions  (mean  ±  SEM)  showing  neuronal  injury 
after  KA  treatment.  P  did  not  produce  significant  dose-dependent  effects  on 
spread  of  damage.  Both  low  and  high  E  treatment  produced  a  significant 
reduction  (*P  <  0.05)  in  the  number  of  regions  showing  neuronal  damage 
after  KA  treatment  despite  the  failure  of  the  steroid  to  reduce  seizure 
severity. 
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Fig.  5.  Correlation  of  seizure  score  and  spread  of  damage  in  KA-treated 
ovariectomized  rats  with  (A)  blank  implants,  (B)  progesterone,  or  (C) 
estrogen  replacement.  The  spread  of  damage  was  significantly  correlated 
with  seizure  scores  in  animals  with  blank  ( P  <  0.02)  and  P  (P  <  0.001) 
implants  but  in  E-treated  rats  this  relationship  was  lost  (P  >  0.05).  Thus, 
despite  increased  seizures,  damage  to  the  hippocampus  did  not  spread  to 
many  areas  after  E  replacement. 


animals  with  mild  seizures  after  KA  were  significantly  less 
than  those  seen  in  the  severely  affected  P-treated  rats  (P  < 
0.001).  Similar  to  what  was  noted  in  control  animals,  the 
losses  of  NeuN  immunoreactivity  within  the  CA  subfields 
after  KA  treatment  in  P  treated  rats  were  significantly  cor¬ 
related  with  the  seizure  scores  ( r 2  =  0.343,  P  <  0.005;  Fig. 
8B).  Thus,  the  higher  the  seizure  score,  the  greater  the 
degree  of  neuronal  loss. 

For  estrogen-treated  animals,  no  significant  losses  of 
NeuN  immunoreactivity  after  KA  treatment  were  noted. 
This  was  true  even  in  animals  displaying  high  seizure 
scores.  As  a  result,  estrogen-treated  animals  displaying  se¬ 
vere  seizures  had  significantly  more  NeuN-immunoreactive 


Control  Blank  Estrogen  Progesterone 

Severe  Severe  Mild  Severe  Mild 


Fig.  6.  Effects  of  estrogen  or  progesterone  on  spread  of  damage  from  KA 
in  animals  exhibiting  mild  (behavioral  score  <2)  or  severe  (behavioral 
score  >2)  seizures.  Animals  treated  with  E  that  displayed  severe  seizures 
showed  significantly  fewer  regions  of  neuronal  damage  after  KA  than 
severely  affected  animals  that  either  did  not  receive  hormone  replacement 
(*P  <  0.005)  or  received  P  treatment  (#P  <  0.01).  The  spread  of  damage 
in  these  E-treated  rats  was  no  different  from  that  seen  in  animals  that  had 
only  mild  seizures.  The  spread  of  damage  in  severely  affected  rats  that 
were  treated  with  P  was  no  different  from  that  seen  in  severely  affected 
KA-treated  control  animals  (Blank,  Severe). 

neurons  than  was  seen  in  the  animals  treated  with  proges¬ 
terone  that  had  equally  high  seizure  scores  (Fig.  7;  P  < 
0.05).  No  correlation  was  observed  between  seizure  scores 
and  NeuN  immunoreactivity  in  the  estrogen-treated  rats 
(Fig.  8C;  r2  =  0.018;  P  >  0.05). 


Discussion 

The  results  of  these  studies  indicate  that  progesterone 
produces  its  effect  principally  by  reducing  seizure  behavior; 
by  contrast,  estrogen  has  little  beneficial  effect  on  seizure 
behavior  but  is  capable  of  protecting  the  hippocampus  from 
seizure  damage.  The  majority  of  animal  studies  examining 
the  effects  of  gonadal  steroids  on  seizures  reported  that 
seizure  susceptibility/activity  was  reduced  by  progesterone 
(Backstrom  et  al.,  1985;  Beyenburg  et  al.,  2001;  Edwards  et 
al.,  1999;  Nicoletti  et  al.,  1985).  In  addition,  in  women  with 
catemenial  epilepsy,  the  luteal  phase,  when  progesterone 
levels  are  high  relative  to  estrogen,  is  associated  with  a 
lower  seizure  incidence  than  the  menstrual  and  follicular 
phases  where  estrogen  and  progesterone  are  both  low  or 


Fig.  4.  Hippocampal  neuron  patterns.  Micrographs  of  the  hippocampus  from  (A)  control  saline-treated  ovariectomized  rat  with  blank  capsules  shows  the  CA1,  CA2, 
CA3,  hilus,  and  dentate  gyrus.  (B)  Blank  +  KA  rat  displaying  a  seizure  score  of  3.5  has  marked  neuronal  losses  in  CA1,  CA3,  and  the  hilus  (A).  This  same  animal 
also  possessed  damage  to  the  entorhinal  cortex  (not  shown).  (C)  P  +  KA-treated  rat  with  a  seizure  score  of  1.5  shows  only  slight  neuron  loss  in  the  hilus;  all  other 
regions  are  normal.  (D)  P  +  KA-treated  rat  with  a  seizure  score  of  2.5  shows  clear  evidence  of  hilar  neuronal  loss  (☆);  (E)  P  +  KA-treated  rat  with  a  seizure  score 
of  3.5  had  damage  to  the  hippocampal  CA  fields  (A)  that  are  quite  similar  to  those  in  the  blank  +  KA  rats.  (F)  E-treated  rat  with  a  seizure  score  of  1.5  shows  little 
or  no  hippocampal  damage;  (G)  E  treated  rat  with  a  seizure  score  of  3.5  also  shows  little  evidence  of  neuronal  loss. 
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Fig.  7.  Effects  of  estrogen  or  progesterone  on  neuron  loss  in  KA-treated 
animals  exhibiting  mild  (behavioral  scores  <2)  or  severe  (behavioral 
scores  >2)  seizures.  Ovariectomized  animals  that  received  blank  capsules 
and  showed  severe  seizures  after  KA  had  significant  loss  of  NeuN  immu- 
noreactivity  compared  with  control  rats  (*P  <  0.005).  Losses  of  NeuN 
immunoreactivity  in  P-treated  rats  were  significantly  different  from  control 
rats  only  when  seizures  were  severe  (*P  <  0.005).  Thus  P-treated  animals 
with  high  seizures  had  significantly  more  neuron  losses  than  P-treated  rats 
with  mild  seizures  (#P  <  0.001).  In  contrast,  E-treated  rats  with  either 
severe  or  mild  seizures  showed  no  significant  differences  in  NeuN  immu¬ 
noreactivity  (NeuN  area/CA  length)  compared  with  controls. 


not  universally  effective.  George  and  co-workers  measured 
CSF  levels  of  progesterone  and  its  metabolites  in  women 
and  their  relationship  to  affective  disorders  (George  et  al., 
1994).  In  that  study,  increased  levels  of  allopregnanolone 
did  not  always  accompany  the  increased  progesterone  levels 
seen  during  the  luteal  phase  of  the  cycle,  suggesting  that 
biological  variation  in  metabolism  of  progesterone  could 
explain  the  variable  effects  of  the  steroid  on  seizures.  Her¬ 
zog  (1995)  too  noted  that  of  his  female  patients  treated  with 
progesterone,  28%  did  not  respond  to  progesterone  treat¬ 
ment.  While  that  study  did  not  speculate  on  the  lack  of 
effect  in  those  women,  altered  conversion  to  allopreg¬ 
nanolone  could  be  responsible.  In  our  rats  whether  pro¬ 
longed  exposure  to  high,  but  not  low,  progesterone  levels  is 
capable  of  interfering  with  the  synthesis  of  allopreg¬ 
nanolone  remains  to  be  determined. 

It  is  also  possible  that  after  long-term  exposure  to  allo¬ 
pregnanolone,  the  GABA  receptor  fails  to  respond  or  is 
downregulated.  Studies  examining  GABA  receptor  function 
after  withdrawal  from  chronic  allopregnanolone  or  proges¬ 
terone  in  pseudopregnant  rats  show  that  the  receptor  is 
desensitized  and  that  expression  of  the  alpha  4  subunit  of 

A.  Blank  +  KA 


estrogen  is  elevated  relative  to  progesterone  (Bauer,  2001; 
Bonuccelli  et  al.,  1989;  Herkes  et  al.,  1993;  Herzog  et  al., 
1997;  Lundberg,  1997;  Morrell,  1992,  1999;  Murri  and 
Galli,  1997;  Schachter,  1988;  Zimmerman,  1986).  Thus,  it 
would  logically  follow  that  progesterone  should  reduce 
brain  damage  from  seizures  simply  because  there  are  fewer 
seizures.  Indeed,  in  P-treated  animals  that  exhibited  reduced 
seizure  severity,  brain  damage  was  reduced.  What  was  sur¬ 
prising  is  that  progesterone  was  only  effective  in  reducing 
seizures  at  low  physiological  ranges.  High  doses  of  proges¬ 
terone  failed  to  reduce  seizures  or  prevent  brain  damage. 

Progesterone  is  metabolized  to  3  - «-  h  yd  ro  x  y- 5  a-preg- 
nan-20-one  (allopregnanolone),  a  potent  allosteric  modula¬ 
tor  of  the  GABAa  receptor  (Baulieu  et  al.,  1996).  Several 
studies  have  suggested  allopregnanolone  acting  at  the 
GABAa  receptor  is  the  mechanism  whereby  progesterone 
attenuates  seizure  activity  (Beyenburg  et  al.,  2001;  Frye  and 
Scalise,  2000;  Frye  et  al.,  1998;  Galli  et  al.,  2001;  Morrell, 
1992;  Murri  and  Galli,  1997).  Frye  (1995),  reported  that 
subcutaneous  administration  of  allopregnanolone  3  h  prior 
to  perforant  path  stimulation  significantly  reduced  both  sei¬ 
zure  severity  and  the  resulting  hippocampal  neuronal  loss. 
What  is  difficult  to  explain  is  why  higher  plasma  levels  of 
progesterone  failed  to  alter  seizures  or  the  brain  damage 
from  them.  Levels  of  allopregnanolone  and  GABA  receptor 
activity  in  vitro  and  in  vivo  are  positively  correlated  with 
progesterone  levels  (Barbaccia  et  al.,  1996;  Corpechot  et  al., 
1993),  raising  the  expectation  that  increases  in  plasma  pro¬ 
gesterone  should  result  in  increased  seizure  suppression.  In 
women  suppression  of  brain  excitability  by  progesterone  is 


Seizure  Score 


B.  Progesterone  +  KA 


C.  Estrogen  +  KA 


Seizure  Score 


Fig.  8.  Correlation  of  seizure  severity  and  NeuN  immunoreactivity  in 
KA-treated  ovariectomized  rats  with  (A)  blank  implants,  (B)  progesterone, 
or  (C)  estrogen  replacement.  The  NeuN  immunoreactivity  was  negatively 
correlated  with  seizure  scores  in  KA-treated  animals  with  blank  (P  <  0.02) 
and  P  (P  <  .005)  implants.  In  E-treated  rats  this  relationship  was  lost  (P  > 
0.05)  owing  to  the  fact  that  even  when  seizures  were  severe,  neuron  losses 
were  reduced. 
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the  GABAa  receptor  is  reduced  (Smith,  2002;  Smith  et  al., 
1998).  The  levels  of  the  steroids  were  both  relatively  high 
prior  to  withdrawal.  Since  the  studies  did  not  examine 
GABA  receptor  function  during  pseudopregnancy  when  the 
hormone  levels  were  still  elevated,  it  is  possible  that  the 
desensitization  actually  occurred  prior  to  withdrawal.  In¬ 
deed,  in  vitro,  prolonged  exposure  of  cortical  neurons  to 
allopregnanolone  abolishes  the  potentiation  of  GABAa  re¬ 
ceptors  by  altering  the  allosteric  interactions  of  allopreg¬ 
nanolone  with  the  benzodiazepine  binding  sites  (Friedman 
et  al.,  1993).  Subsequent  studies  of  cortical  neurons  in  vitro 
determined  that  attenuation  of  GABAa  receptor  function 
was  due  to  reduction  in  GABA  receptor  binding  due  to 
alterations  in  both  beta  and  alpha  receptor  subunit  expres¬ 
sion  (Yu  et  al.,  1996).  In  vivo  prolonged  treatment  with 
either  progesterone  or  allopregnalonone  produces  similar 
desensitization  of  the  GABA  receptor  and  it  was  proposed 
that  similar  alterations  in  GABAa  receptor  subunit  expres¬ 
sion  were  responsible  (Gulinello  et  al.,  2001;  Wohlfarth,  et 
al.,  2002).  While  none  of  the  studies  varied  the  dose  of 
progesterone  or  allopregnanolone,  if  the  desentization  of  the 
GABA  receptor  only  occurs  in  conditions  of  high  steroid 
levels,  such  changes  in  the  GABAa  receptor  composition/ 
function  could  explain  why  low  but  not  high  doses  of 
progesterone  reduced  seizures  after  KA. 

In  the  present  study,  administration  of  estrogen  had  no 
effect  on  KA  seizure  severity.  A  large  number  of  studies  in 
vivo  and  in  vitro  demonstrate  that  the  steroid  increases  after 
discharge  patterns  and  seizure  thresholds  (Backstrom  et  al., 
1985;  Buterbaugh,  1987,  1989;  Buterbaugh  and  Hudson, 
1991;  Edwards  et  al.,  1999;  Gu  and  Moss,  1996;  Horn  and 
Buterbaugh,  1986;  Horn  et  al.,  1993;  Kubo  et  al.,  1975; 
Maggi  and  Perez,  1985;  Nicoletti  et  al.,  1985;  Smith  et  al., 
2002;  Stitt  and  Kinnard,  1968;  Teyler  et  al.,  1980;  Wong 
and  Moss,  1991;  Woolley,  2000).  Thus,  one  would  predict 
that  under  conditions  of  high  estrogen  concentrations  KA 
would  yield  the  strongest  stimulatory  effects  thereby  in¬ 
creasing  the  potential  for  excitotoxic  brain  damage.  Yet, 
despite  the  persistence  of  seizures,  estrogen  replacement 
reduced  mortality  from  KA  seizures  and  significantly  lim¬ 
ited  the  overall  spread  of  damage  and  amount  of  neuronal 
loss.  Earlier  studies  examining  hormonal  effects  on  KA- 
induced  brain  damage  are  mixed.  In  intact  females,  injection 
of  KA  on  proestrus  (when  estrogen  levels  are  maximal)  still 
produced  substantial  brain  damage  (Azcoitia  et  al.,  1999). 
However,  in  that  same  study,  animals  that  were  ovariecto- 
mized  and  replaced  with  estrogen  but  not  progesterone 
showed  protection  from  damage,  provided  the  steroid  was 
administered  2  days  prior  to  onset  of  seizures.  Subcutaneous 
injections  of  0.2  pg  estrogen  administered  48  and  24  h  prior 
to  KA  reduced  hippocampal  brain  damage  (Veliskova  et  al., 
2000),  as  did  supraphysiological  doses  of  estrogen  (150 
pg/rat)  administered  before  or  along  with  KA  (Azcoitia  et 
al.,  1998,  1999).  It  would  appear  from  these  studies  that 
reduction  in  damage  from  KA  seizures  by  estrogen  admin¬ 
istration  may  not  be  strictly  dose-dependent,  but  fluctuating 


hormone  levels  after  steroid  injection  make  that  conclusion 
tenuous.  Our  data  demonstrate  more  clearly  that  maintained 
doses  of  E  in  either  the  physiological  range  or  supraphysi¬ 
ological  range  protect  neurons  from  damage. 

How  estrogen  protected  the  hippocampus  from  damage 
is  not  immediately  clear.  Initially  it  was  thought  that  KA 
cell  death  was  exclusively  necrotic  and  there  would  be  little 
basis  for  estrogen  interfering  in  that  process.  More  recent 
studies  demonstrate  that  delayed  cell  death  accompanied  by 
DNA  laddering  (normally  associated  with  apoptosis)  after 
KA  induced  seizures  (Fujikawa  et  al.,  2000;  Kondo  et  al., 
1997;  Kondratyev  and  Gale,  2001;  Liu  et  al.,  2001;  Pollard 
et  al.,  1994a,  1994b;  Venero  et  al.,  1999).  The  proapoptotic 
molecule  Bax  is  upregulated  following  KA  seizures  and 
concomitantly  the  prosurvival  molecule  Bcl-2  is  downregu- 
lated  (Gillardon  et  al.,  1995).  In  a  variety  of  models  of 
neuronal  injury  estrogen  upregulates  expression  of  Bcl-2 
(Choi  et  al.,  2001;  Dubai  et  al.,  1999;  Harms  et  al.,  2001; 
Pike,  1999;  Sawada  et  al.,  2000;  Singer  et  al.,  1998)  and,  if 
acting  similarly  in  our  studies,  this  mechanism  could  ex¬ 
plain  estrogen’s  protective  effects.  There  are  also  studies 
suggesting  that  antioxidant  effects  seen  with  high  doses  of 
estrogen  protect  neurons  from  cell  death  (Bae  et  al.,  2000; 
Behl  et  al.,  1995,  1997,  2000;  Culmsee  et  al.,  1999;  Emilien 
et  al.,  2000;  Goodman  et  al.,  1996;  Green  et  al.,  1998;  Green 
and  Simpkins,  2000;  Gridley  et  al.,  1998;  Inestrosa  et  al., 
1998;  Keller  et  al.,  1997).  The  pellets  we  used  generated 
plasma  levels  of  estrogens  high  enough  to  produce  antiox¬ 
idant  effects.  The  high  progesterone  levels  in  our  animals 
should  also  have  exerted  antioxidant  effects  (Goodman  et 
al.,  1996);  however,  high  levels  of  progesterone  did  nothing 
to  protect  the  animals  from  seizures  or  neuronal  cell  death. 

In  summary,  our  data  indicate  that  low  but  not  high  doses  of 
progesterone  reduce  seizures  and,  in  so  doing,  reduce  damage 
to  the  hippocampus.  Estrogen,  on  the  other  hand,  at  either 
physiological  or  supraphysiological  levels,  reduces  neuronal 
cell  death  from  seizures,  but  has  little  effect  on  seizure  severity. 
It  will  be  important  to  determine  the  mechanism  whereby  each 
of  the  steroids  influences  seizure  activity  and  the  ensuing  brain 
injury.  These  results  also  raise  the  question  of  what  effect 
combinations  of  both  steroids  might  have.  Possibly,  when  E  + 
P  are  administered  together,  P  would  suppress  seizure  activity, 
but  should  some  seizures  still  persist,  E  would  then  reduce  the 
potential  for  brain  damage.  Studies  examining  this  issue  are 
currently  underway. 
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Abstract 

Mitochondrial  production  of  reactive  oxygen  species  (ROS)  at 
Complex  I  of  the  electron  transport  chain  is  implicated  in  the 
etiology  of  neural  cell  death  in  acute  and  chronic  neurode- 
generative  disorders.  However,  little  is  known  regarding  the 
regulation  of  mitochondrial  ROS  production  by  NADH-linked 
respiratory  substrates  under  physiologically  realistic  condi¬ 
tions  in  the  absence  of  respiratory  chain  inhibitors.  This  study 
used  Amplex  Red  fluorescence  measurements  of  H202  to  test 
the  hypothesis  that  ROS  production  by  isolated  brain  mito¬ 
chondria  is  regulated  by  membrane  potential  (AT)  and 
NAD(P)H  redox  state.  AT  was  monitored  by  following  the 
medium  concentration  of  the  lipophilic  cation  tetraphenyl- 
phosphonium  with  a  selective  electrode.  NAD(P)H  autofluo¬ 


rescence  was  used  to  monitor  NAD(P)H  redox  state.  While 
the  rate  of  H202  production  was  closely  related  to  AT  and 
the  level  of  NAD(P)H  reduction  at  high  values  of  AT,  30%  of 
the  maximal  rate  of  H202  formation  was  still  observed  in  the 
presence  of  uncoupler  (p-trifluoromethoxycarbonylcyanide 
phenylhydrazone)  concentrations  that  provided  for  maximum 
depolarization  of  AT  and  oxidation  of  NAD(P)H.  Our  findings 
indicate  that  ROS  production  by  mitochondria  oxidizing  phy¬ 
siological  NADH-dependent  substrates  is  regulated  by  AT  and 
by  the  NAD(P)H  redox  state  over  ranges  consistent  with  those 
that  exist  at  different  levels  of  cellular  energy  demand. 
Keywords:  brain  mitochondria,  hydrogen  peroxide,  mem¬ 
brane  potential,  reactive  oxygen  species. 
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Mitochondrial  production  of  reactive  oxygen  species  (ROS) 
is  involved  in  neural  cell  death  associated  with  acute 
ischemic  brain  injury  and  with  chronic  neurodegenerative 
diseases  (Fiskum  2000;  Nicholls  and  Budd  2000).  Several 
potential  sites  of  ROS  production  exist  within  the  mitoch¬ 
ondrial  electron  transport  chain.  Recent  attention  has 
focused  on  respiratory  chain  Complex  I  as  an  important 
source  of  free  radicals,  due  in  part  to  the  stimulation  of 
ROS  production  and  induction  of  oxidative  stress  caused  by 
neurotoxins,  e.g.  l-methyl-4-phenylpyridinium  (MPP  )  and 
rotenone,  that  target  Complex  I  and  evoke  a  neuropathology 
similar  to  that  of  Parkinson’s  disease  (Sherer  et  al.  2002). 
The  molecular  mechanism  and  regulation  of  ROS  produc¬ 
tion  by  Complex  I  is,  however,  not  well  understood 
(reviewed  in  Turrens  1997). 

As  Complex  I  may  be  a  primary  site  of  mitochondrial  ROS 
generation  in  the  absence  of  toxins  as  well  as  in  their 
presence,  identification  of  physiological  factors  that  control 
Complex  I  mediated  ROS  production  is  necessary.  We 
hypothesized  that  such  factors  include  mitochondrial  mem¬ 
brane  potential  and  NAD(P)H  redox  state.  Both  undergo 
substantial  fluctuation  in  response  to  different  levels  of 


mitochondrial  respiratory  activity  caused  by,  for  example, 
different  demand  for  ATP  production.  Modulation  of  these 
factors  by  the  activities  of  mitochondrial  uncoupling  proteins 
and  by  the  mitochondrial  ATP-regulated  potassium  channel 
may  also  explain  their  apparent  ability  to  reduce  mitochond¬ 
rial  ROS  production  (Kim-Han  et  al.  2001;  Echtay  et  al. 
2002;  Ferranti  et  al.  2003).  The  results  of  this  study  support 
the  hypothesis  that  biologically  relevant,  NADF1  linked 
substrate-dependent  mitochondrial  ROS  production  is  tightly 
controlled  by  membrane  potential  and  NAD(P)FI  redox  state 
in  the  physiological  range. 
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Materials  and  methods 

Isolation  of  brain  mitochondria 

All  animal  experiments  were  conducted  in  accordance  with 
guidelines  established  by  the  Institutional  Animal  Care  and  Use 
Committee  of  the  University  of  Maryland,  Baltimore. 

Brain  mitochondria  were  isolated  from  adult  male  Sprague 
Dawley  rats  as  described  in  Rosenthal  et  al.  (1987),  with  the  only 
modification  that  our  isolation  buffer  did  not  contain  Nagarse 
protease.  This  method  utilizes  digitonin  to  dismpt  synaptosomal 
membranes,  yielding  mitochondria  from  both  synaptosomal  and 
non-synaptosomal  origin.  The  functional  quality  of  each  mitoch¬ 
ondrial  preparation  was  estimated  by  measuring  acceptor  control 
index  (AC1).  For  these  experiments,  incubation  medium  was 
composed  of  125  rnM  KC1,  20  mM  HEPES  (pH  7.0),  2  mM 
KH2P04,  0.8  mM  ADP,  1  mM  MgCl2,  5  mM  glutamate,  and  5  mM 
malate.  Oxygen  consumption  was  recorded  with  a  Clark-type 
oxygen  electrode.  The  State  3  respiration  was  initiated  by  the 
addition  of  0.5  mg/mL  rat  brain  mitochondria  to  the  incubation 
medium,  and  was  tenninated  with  0.5  pg/mL  oligomycin.  The  ratio 
of  respiration  rate  in  State  3  to  that  in  the  presence  of  oligomycin 
was  defined  as  ACI.  Preparations  exhibiting  values  for  ACI  in  the 
range  of  8-12  were  used  for  this  study. 

Experimental  conditions  and  incubation  medium 

Incubation  medium  contained  125  mM  KC1,  20  mM  HEPES 
(pH  7.0),  2  mM  KH2P04,  1  mM  MgCl2,  0.5  mg/mL  bovine  serum 
albumin,  and  0.25  mM  EGTA,  and  was  maintained  at  37°C,  unless 
stated  otherwise. 

Measurement  of  hydrogen  peroxide 

Hydrogen  peroxide  production  was  measured  fluorimetrically 
employing  the  dye  Amplex  Red  (Molecular  Probes,  Eugene,  OR, 
USA)  in  combination  with  horseradish  peroxidase  (Kushnareva 
et  al.  2002;  Rosen  et  al.  2002).  In  these  experiments,  the  incubation 
medium  was  supplemented  with  1  pM  amplex  red,  5  U/mL 
horseradish  peroxidase,  and  40  U/mL  Cu,Zn  superoxide  dismutase. 
The  presence  of  superoxide  dismutase  prevents  the  auto-oxidation  of 
Amplex  Red  that  interferes  with  quantitative  assessment  of  low  rates 
of  H202  production.  The  detection  of  H202  in  mitochondrial 
suspensions  was  recorded  as  an  increase  in  fluorescence  of  the  dye 
at  585  mu  with  the  excitation  wavelength  set  at  550  nm.  The  dye 
response  was  calibrated  either  by  sequential  additions  of  known 
amounts  of  hydrogen  peroxide  solution,  or  by  continuous  infusion 
of  H202  solution  at  100-1000  pmol/min.  The  concentration  of 
commercial  30%  H202  solution  was  calculated  from  light  absorb¬ 
ance  at  240  nM  employing  E240  =  43.6  m~*  cnT1;  the  stock 
solution  was  diluted  to  100  pM  with  de-ionized  water  and  used  for 
calibration  immediately. 

Measurement  of  mitochondrial  membrane  potential 

Mitochondrial  membrane  potential  (AT)  was  estimated  from 
tetraphenylphosphonium  (TPP+)  ion  distribution  measured  with  a 
custom-made  TPP+-selective  electrode  (Kamo  et  al.  1979).  For 
these  experiments,  incubation  medium  was  supplemented  with 
1.6  pM  TPP+CL.  Both  the  TPP+-sensitive  and  the  reference 
electrodes  were  inserted  directly  into  the  fluorimeter  cuvette  and 
data  were  collected  using  an  amplifier  and  a  two-channel  data 


acquisition  system.  The  electrode  response  was  calibrated  by 
sequential  additions  of  TPP+CL  in  the  range  of  concentrations 
0.2-1. 6  pM  and  AT1  was  calculated  as  described  in  Rolfe  et  al. 
(1994)  utilizing  the  reported  binding  correction  factor  for  brain 
mitochondria.  Alternatively,  AT  values  were  calculated  by  the 
procedure  reported  in  Rottenberg  (1984),  assuming  the  matrix 
volume  for  brain  mitochondria  equal  to  1.2  pL/mg  protein.  Both 
procedures  gave  essentially  similar  results.  No  attempt  to  correct  for 
non-AT  dependent  binding  of  TPP+  was  made  (Hashimoto  et  al. 
1984;  Rottenberg  1984;  Rolfe  et  al.  1994). 

Measurement  of  NAD(P)H  oxidation/reduction  state 

Reduced  NAD(P)H  was  measured  fluorimetrically  using  an  excitation 
wavelength  of  346  nm  and  an  emission  wavelength  of  460  nm. 
Maximal  N  AD(P)H  reduction  was  defined  as  the  absorbance  observed 
after  the  addition  of  the  electron  transport  chain  Complex  I  inhibitor 
rotenone  (1  pM)  and  maximal  oxidation  defined  as  the  absorbance 
obtained  in  the  presence  of  the  respiratory  uncoupler  p-trifluorometh- 
oxycarbonylcyanide  phenylhydrazone  (FCCP)  (0. 1  pM). 

Reagents 

Oligomycin,  FCCP,  and  rotenone  were  dissolved  in  ethanol,  and 
Amplex  Red  was  dissolved  in  dimethylsulfoxide.  All  reagents  and 
ethanol  were  tested  and  exhibited  no  interference  with  H202  assay  at 
the  concentrations  used  in  our  experiments.  All  the  reagents  were 
purchased  from  Sigma  (St  Louis,  MO,  USA). 

Results 

The  results  shown  in  Fig.  1  illustrate  the  dependence  of 
H202  production  on  mitochondrial  AT  in  the  presence  of 
NADH-linked  respiratory  substrates.  Suspensions  of  rat  brain 
mitochondria  were  exposed  to  various  concentrations 
(0-80  nM)  of  the  uncoupler  FCCP  to  lower  AT.  Alternat¬ 
ively,  mitochondria  were  exposed  to  ADP  (0.8  him)  to  reduce 
AT  as  a  consequence  of  activating  State  3  respiration,  i.e. 
oxidative  phosphorylation.  H202  production  was  measured 
fluorimetrically  with  the  dye  Amplex  Red  and  AT  was 
calculated  based  on  the  medium/mitochondrial  distribution  of 
the  lipophilic  cation  TPP+,  as  measured  with  an  electrode 
placed  within  the  fluorometer  cuvette.  Malate  plus  glutamate 
or  a-ketoglutarate  were  used  as  NADH-linked  substrates. 

In  the  presence  of  either  set  of  NADH-linked  oxidizable 
substrates,  a  reduction  in  AT  was  accompanied  by  a  decrease 
in  H202  production  (Fig.  1).  This  relationship  between  H202 
production  and  AT  is  qualitatively  similar  to  that  reported 
earlier  for  heart  mitochondria  oxidizing  the  Complex  II 
respiratory  substrate  succinate  (Korshunov  et  al.  1997). 
However,  whereas  a  small,  10%  reduction  in  AT  resulted 
in  a  90%  reduction  in  succinate-supported  ROS  production 
(Korshunov  et  al.  1997),  approximately  30%  of  the  maximal 
rate  of  NADH-linked  substrate  dependent  ROS  production 
was  still  present  at  a  concentration  of  FCCP  that  caused 
maximal  reduction  of  membrane  potential  (Fig.  1)  and  a 
maximal  increase  in  02  consumption  (not  shown).  Addition 
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Fig.  1  Relationship  between  mitochondrial  membrane  potential  and 
H202  production  supported  by  NADH-linked  respiratory  substrates. 
Mitochondrial  membrane  potential  was  calculated  based  on  the  dis¬ 
tribution  of  the  lipophilic  cation  TPP+,  using  an  electrode  to  measure 
the  medium  [TPP+]  (1.2  (im  initial  concentration).  H202  was  measured 
simultaneously  by  monitoring  the  fluorescence  of  Amplex  Red  (1  jj.m) 
in  the  presence  of  horseradish  peroxidase  (5  U/mL)  and  40  U/mL  Cu / 
Zn  superoxide  dismutase.  Incubation  medium  (see  ‘Materials  and 
methods’)  maintained  at  37°C  also  contained  either  5  miui 
malate  +  5mu  glutamate  (O)  or  5  mM  a-ketoglutarate  (•).  Mito¬ 
chondria  were  added  at  0.5  mg/mL.  Differences  in  membrane  poten¬ 
tial  were  generated  by  adding  various  concentrations  of  FCCP  ranging 
from  0  to  80  nM  (0-160  pmol/mg  mitochondrial  protein).  Alternatively, 
a  decrease  in  membrane  potential  was  induced  by  adding  0.8  mM  ADP 
to  mitochondria  respiring  on  malate  +  glutamate  (□)  or  a-ketoglutarate 
(■).  Values  represent  means  ±  SD  for  n  =  4  experiments. 
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Fig.  2  Regulation  of  mitochondrial  H202  production  through  metabolic 
modulation  of  NAD(P)H  redox  state,  (a)  H202  production  by  brain 
mitochondria,  (b)  Mitochondrial  NAD(P)H  autofluorescence.  Incuba¬ 
tion  medium  (see  ‘Materials  and  methods’)  maintained  at  37°C  was 
supplemented  with  5  U/mL  horseradish  peroxidase,  1  pM  Amplex  red, 
and  40  U/mL  SOD.  Mitochondria  were  added  at  0.5  mg/mL.  Additions 
to  the  suspensions  were  a-ketoglutarate  (5  mM),  ADP  (0.8  mM), 
oligomycin  (0.5  pg/ml),  FCCP  (80  nM),  and  rotenone  (0.5  pm). 


of  even  greater  FCCP  concentrations  had  no  further  effect  on 
either  ROS  production  or  TPP+  distribution.  As  the  TPP+ 
procedure  for  monitoring  A'P  is  incapable  of  detecting 
potentials  at  less  than  approximately  120  mV,  these  obser¬ 
vations  indicate  that  a  significant  fraction  of  maximal 
NADFl-dependent  mitochondrial  ROS  production  can  occur 
in  the  absence  of  A'P. 

A  70%  reduction  in  ROS  generation  was  also  observed 
in  the  absence  of  FCCP  when  ADP  was  added  to  initiate 
oxidative  phosphorylation,  thereby  stimulating  respiration 
(Fig.  1).  Therefore,  physiologically  relevant  NADH-linked 
respiration  generates  ROS  in  a  manner  that  is  tightly 
regulated  by  differences  in  A'P  over  a  range  that  occurs 
during  normal  fluctuations  in  energy  metabolism.  The 
approximately  70%  reduction  in  ROS  production  during 
State  3  respiration  was,  however,  observed  at  a  level  of 
A'P  that  was  approximately  20  mV  greater  than  that 
present  at  the  same  rate  of  ROS  generation  evoked  by  the 
addition  of  FCCP. 

The  redox  state  of  mitochondrial  pyridine  nucleotides  is 
sensitive  to  changes  in  A'P  when  respiration  is  supported  by 


NADH-linked  substrates.  We  therefore  performed  parallel 
measurements  of  H202  production  and  reduced  NAD(P)H  to 
determine  their  relationship  (Fig.  2).  Addition  of  brain 
mitochondria  to  medium  in  the  absence  of  respiratory 
substrates  resulted  in  a  steady  oxidized  shift  of  pyridine 
nucleotides  and  a  relatively  very  low  rate  of  H202  produc¬ 
tion.  In  the  absence  of  exogenous  oxidizable  substrates, 
respiration  is  also  minimal.  Thus  the  flow  of  electrons  limits 
both  ROS  production  and  02  consumption  under  these 
conditions.  Addition  of  the  respiratory  substrate  oc-ketoglut- 
arate  caused  an  abrupt  increase  in  the  level  of  reduced 
NAD(P)H  and  stimulated  ROS  production  by  almost  10-fold. 
Subsequent  addition  of  0.8  mM  ADP  resulted  in  an  imme¬ 
diate  and  extensive  oxidation  of  pyridine  nucleotides  and  a 
>  50%  reduction  in  H202  production.  During  the  next  4  min, 
the  pyridine  nucleotide  redox  state  underwent  a  partial 
reversal  toward  reduction,  accompanied  by  an  increase  in 
ROS  production.  Independent  measurements  of  02  con¬ 
sumption  verify  that  this  transition  is  due  to  the  deceleration 
of  State  3  respiration  toward  resting.  State  4  respiration  (data 
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Reduced  NAD(P)H,  %  maximum 


Fig.  3  Relationships  between  mitochondrial  H202  production, 
NAD(P)H  redox  state,  and  membrane  potential.  Mitochondrial  H202 
production  (a),  NAD(P)H  redox  state  (b),  and  membrane  potential  (b) 
were  measured  as  described  for  Figs  1  and  2  in  the  presence  of 
glutamate  +  malate  and  the  uncoupler  FCCP  at  concentrations  of  from 
0  to  80  nn/i.  Values  represent  means  ±  SD  obtained  from  n=  4 
experiments  and  are  expressed  as  percentage  of  the  maximal  values 
obtained  in  the  absence  of  FCCP. 

not  shown).  In  the  presence  of  Mg2+,  post-State  3  respiration 
is  limited  by  the  rate  of  ATP  cycling  due  to  ATP  hydrolysis 
by  contaminating  ATP  hydrolases  and  by  ATP  synthesis  by 
the  mitochondrial  FjF,,  ATP  synthetase.  Inhibition  of  the 
synthetase  by  the  addition  of  oligomycin  resulted  in  an 
additional  shift  toward  reduction  in  the  pyridine  nucleotide 
redox  state  accompanied  by  a  further  stimulation  of  ROS 
generation.  As  expected,  subsequent  addition  of  the  uncou¬ 
pler  FCCP  resulted  in  maximal  NAD(P)H  oxidation  and  a 
decrease  in  ROS  production  to  a  level  similar  to  that 
observed  upon  addition  of  ADP.  Further  verification  that 
ROS  generation  is  redox  regulated  came  from  the  observa¬ 
tion  that  subsequent  addition  of  the  Complex  I  inhibitor 
rotenone  caused  a  maximal  shift  toward  reduction  of  pyridine 
nucleotides  and  a  maximal  rate  of  H202  generation,  even 
though  AT  was  already  collapsed  by  the  addition  of  FCCP. 

The  relationship  between  the  rate  of  mitochondrial  H202 
production  and  NAD(P)H  redox  state  was  assessed  by 
performing  measurements  of  NAD(P)H  autofluorescence  in 
parallel  to  those  of  AT  described  in  Fig.  1.  Thus  the  addition 


of  increasing  concentrations  of  the  respiratory  uncoupler 
FCCP  was  accompanied  by  increased  NAD(P)H  oxidation, 
consistent  with  greater  membrane  depolarization  and  accel¬ 
erated  respiration.  As  Fig.  3(a)  demonstrates,  FCCP-induced 
NAD(P)H  oxidation  is  directly  related  to  inhibition  of  H202 
production.  NAD(P)H  oxidation  is  very  sensitive  to  mem¬ 
brane  depolarization,  as  shown  in  Fig.  3(b)  where  a  10% 
reduction  in  AT*  is  accompanied  by  an  approximately  50% 
reduction  in  NAD(P)H  fluorescence. 

Discussion 

The  results  of  this  study  demonstrate  that  ROS  production  by 
isolated  rat  brain  mitochondria  respiring  on  NADH-depend- 
ent  substrates  is  highly  dependent  on  both  mitochondrial 
membrane  potential  and  NAD(P)H  redox  state.  Moreover, 
this  relationship  is  observed  over  a  range  of  conditions  that 
are  consistent  with  those  associated  with  normal  fluctuations 
in  cellular  energy  metabolism.  Therefore,  the  rate  of 
physiologically  relevant  mitochondrial  ROS  production  can 
vary  by  several  hundred  percent,  depending  on  whether 
energy  demand  is  maximal  (State  3  respiration)  or  ATP 
hydrolysis  is  minimal  (State  4  respiration)  (Fig.  1). 

Relatively  few  measurements  of  mitochondrial  ROS 
generation  in  the  presence  of  NADH-linked  respiratory 
substrates  and  in  the  absence  of  respiratory  chain  inhibitors 
have  been  reported,  due  to  the  low  sensitivity  of  H202- 
sensitive  indicators  that  were  previously  available.  The 
utilization  of  Amplex  Red  enables  detection  of  H202  at 
levels  previously  not  considered  significant  (Starkov  et  al. 
2002).  The  enhanced  sensitivity  of  Amplex  Red  is  also  likely 
to  be  the  explanation  for  why  similar  measurements  using  the 
fluorescent  indicator  scopoletin  did  not  detect  a  relationship 
between  AT  and  H202  production  in  the  presence  of  NADH- 
linked  substrates  (Votyakova  and  Reynolds  2001). 

Mitochondrial  ROS  production  is  particularly  sensitive  to 
changes  in  AT  at  the  highest  range  of  values  (i.e.  170- 
185  mV)  (Fig.  1).  Quantification  of  this  relationship  can 
therefore  only  be  accomplished  with  isolated  mitochondria 
that  are  extremely  well  coupled  and  thus  able  to  establish 
such  high  membrane  potentials.  We  determined  that  inclu¬ 
ding  bovine  serum  albumin  and  EGTA  in  the  incubation 
media  helps  mitochondria  maintain  high  membrane  poten¬ 
tials.  Bovine  serum  albumin  binds  free  fatty  acids  that  can  be 
generated  from  membrane  lipids  and  that  can  uncouple 
mitochondria  (Skulachev  1991).  The  Ca2+  chelator  EGTA 
protects  against  any  form  of  Ca2+-induced  mitochondrial 
dysfunction,  including  the  membrane  permeability  transition 
that  by  definition  results  in  uncoupling  and  membrane 
depolarization. 

Although  the  relationship  between  AT,  NAD(P)H  redox 
state,  and  mitochondrial  ROS  production  is  apparent  when 
these  parameters  are  varied  by  the  addition  of  either  FCCP  or 
ADP,  the  quantitative  relationships  are  not  identical.  Thus, 
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the  rates  of  ROS  production  with  either  saturating  FCCP  or 
ADP  were  approximately  equal,  but  A'P  was  at  least  20  mV 
higher  with  ADP  (Fig.  1).  Moreover,  the  NAD(P)F1  redox 
state  was  not  as  oxidized  in  the  presence  of  ADP  as  it  was  in 
the  presence  of  FCCP  (Fig.  2).  This  apparent  discrepancy 
may  simply  be  due  to  a  lack  of  control  over  ROS  production 
at  membrane  potentials  and  pyridine  nucleotide  redox  state  at 
or  below  that  maintained  under  State  3  respiration.  Alternat¬ 
ively,  differences  in  conditions  present  in  the  mitochondrial 
matrix  during  State  3  compared  to  uncoupled  respiration 
might  influence  the  site  or  sites  responsible  for  ROS 
production.  Additional  evidence  for  the  existence  of  mem¬ 
brane  potential-  and  NAD(P)H/NAD(P)-independent  ROS 
generation  comes  from  the  observation  that  the  rate  of  H202 
formation  in  the  presence  of  rotenone  was  considerably 
greater  than  that  observed  in  the  presence  of  the  ATP 
synthetase  inhibitor  oligomycin,  even  though  the  NAD(P)H 
autofluorescence  was  identical  (Fig.  2).  This  difference  could 
be  due  to  a  direct  induction  of  ROS  production  by  rotenone 
at  Complex  I  in  addition  to  its  ability  to  induce  a  reduced 
shift  in  NAD(P)FI  and  other  redox  sites  proximal  to  the  site  at 
which  rotenone  inhibits  electron  transport  (Ramsay  and 
Singer  1992). 

The  site  and  the  mechanism  of  ROS  production  by 
mitochondria  oxidizing  NADFl-linked  substrates  in  the 
absence  of  electron  chain  inhibitors  are  not  fully  character¬ 
ized.  Two  fundamentally  different  mechanisms  of  ROS 
generation  are  possible.  One  mechanism  involves  the 
metabolism  of  NADFl-dependent  substrates  to  succinate 
and  subsequent  ROS  production  due  to  succinate  oxidation 
by  Complex  II,  and  reversed  electron  flow  through  Complex 
I.  The  other  mechanism  is  direct  flow  of  electrons  from 
NADH-dependent  substrates  to  02  via  one  or  more  redox 
centers  present  within  Complex  I.  In  either  case,  the  site  of 
ROS  generation  within  Complex  I  appears  to  be  an  iron- 
sulfur  center  within  either  the  N2  or  Nl-a  proteins  (Genova 
et  al.  2001;  Kushnareva  et  al.  2002). 

Dehydrogenases  present  in  the  mitochondrial  matrix  are 
functionally  organized  within  the  tricarboxylic  acid  cycle 
pathway  and,  with  the  aid  of  transaminases,  allow  for  rapid 
interconversion  of  metabolic  intermediates.  Thus,  metabo¬ 
lism  of  NADH-linked  substrates  can  result  in  the  formation 
of  any  TCA  cycle  intermediate,  including  (Von  Korff  et  al. 
1971;  Von  Korff  and  Kerpel-Fronius  1975;  Beck  et  al.  1977; 
Kerpel-Fronius  et  al.  1977).  Succinate  oxidation  stimulates 
ROS  production  at  one  or  more  sites  located  in  Complex  I 
via  reverse  electron  transfer  from  Complex  II  through 
ubiquinone  (Turrens  1997).  Reversed  electron  transport  is 
endergonic  but  can  be  driven  by  the  energy  present  within  a 
high  membrane  potential,  as  indicated  by  the  complete 
inhibition  of  this  process  in  the  presence  of  uncouplers 
(Hansford  et  al.  1997;  Korshunov  et  al.  1997;  Votyakova 
and  Reynolds  2001;  Liu  et  al.  2002).  The  dependence  of 
ROS  production  on  A'P  described  in  Fig.  1  might  therefore 


be  the  consequence  of  metabolism  to  succinate  and  reversed 
electron  flow  to  Complex  I. 

An  alternative  mechanism  of  ROS  generation  at  Com¬ 
plex  I  specifically  involves  the  redox  state  of  NAD(P)H 
(Hansford  et  al.  1997).  Thus  A'P  may  not  affect  ROS 
production  directly  but  could  regulate  the  rate  of  produc¬ 
tion  through  the  close  relationship  between  A'P  and 
NAD(P)H  redox  state  (Fig.  3).  We  propose  that  the 
ROS-producing  site  of  Complex  I  is  in  redox  equilibrium 
with  mitochondrial  pyridine  nucleotides  so  that  its  degree 
of  reduction  depends  on  the  NADH/NAD+  ratio.  This 
hypothesis  is  supported  by  the  relationship  between  the 
rate  of  H202  production  and  the  level  of  reduced  pyridine 
nucleotides  (Fig.  3),  as  has  recently  been  described  by 
Kushnareva  et  al.  (2002).  Additional  evidence  in  support 
of  this  mechanism  comes  from  the  observation  that 
superoxide  production  by  rotenone-inhibited  Complex  I 
in  submitochondrial  particles  also  depends  on  the  NADH/ 
NAD+  ratio  and  apparently  originates  from  enzyme -bound 
reduced  NADH  (Krishnamoorthy  and  Hinkle  1988). 

Although  succinate-driven  ROS  production  at  Complex  I 
is  completely  abolished  by  uncoupler-induced  mitochondrial 
membrane  depolarization  (Hansford  et  al.  1997),  we  found 
that  a  significant  fraction  (30%)  of  H202  fonnation  in  the 
presence  of  NADH-linked  substrates  persists  following 
maximal  uncoupling  (Fig.  1)  and  maximal  NAD(P)H  oxida¬ 
tion  (Fig.  3).  This  observation  supports  the  opinion  that 
NADH-linked  substrate-dependent  ROS  production  is  not 
indirectly  due  to  succinate  oxidation.  The  exact  nature  of  this 
A'F-indcpendent  ROS  generation  is  unknown.  However, 
preliminary  results  obtained  with  mitochondria  and  with 
isolated  enzymes  suggest  that  it  could  be  mediated  by  the 
direct  formation  of  superoxide  by  specific  dehydrogenases, 
e.g.  a-ketoglutarate  dehydrogenase,  and  may  be  independent 
of  Complex  I  mediated  ROS  production. 

In  conclusion,  the  results  of  this  study  emphasize  the 
important  role  of  ROS  production  by  NADH-linked  respir¬ 
atory  substrates  in  mitochondrial  ROS  generation.  Mitoch¬ 
ondrial  ROS  production  in  the  presence  of  the  Complex  II 
substrate  succinate  is  approximately  10  times  greater  than 
that  of  NADH-linked  substrates  at  5-10  mM  substrate 
concentrations  (Hansford  et  al.  1997;  Korshunov  et  al. 
1997;  Votyakova  and  Reynolds  2001).  Others  have  reported 
values  for  succinate-dependent  ROS  production  that  are 
comparable  to  the  values  we  obtained  for  NADH-dependent 
generation  (Barja  and  Herrero  1998;  Herrero  and  Barja 
1998).  However,  since  succinate-dependent  ROS  generation 
is  even  more  sensitive  to  a  decline  in  AT*  than  is  NADH- 
dependent  ROS  generation,  variability  among  laboratories 
can  be  due  to  differences  in  AT*  caused  by  different 
mitochondrial  isolation  procedures  or  incubation  conditions. 
Although  tissue  succinate  levels  are  normally  much  lower 
than  the  total  concentration  of  NADH-linked  respiratory 
substrates,  concentrations  of  succinate  do  reach  mM  levels  in 
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the  brain  and  other  tissues  after  periods  of  severe  hypoxia 
induced  by  ischemia  (Hoyer  and  Krier  1986;  Camici  et  al. 
1991).  The  redox  state  of  pyridine  nucleotides  also  shifts  to  a 
hyperoxidized  level  for  up  to  1  h  during  reperfusion 
following  cerebral  ischemia  (Rosenthal  et  al.  1995).  These 
conditions  might  allow  for  succinate-driven  generation  of 
ROS  production  at  Complex  I  via  reversed  electron  flow 
from  Complex  II  (succinate  dehydrogenase)  and  coenyzme 
Q.  However,  under  normal  conditions  or  when  Complex  I  is 
inhibited  by  neurotoxins,  e.g.  MPP+  or  rotenone,  ROS 
production  at  this  site  is  far  more  likely  to  be  fueled  by  the 
oxidation  of  NADH-dependent  respiratory  substrates  (San- 
chez-Ramos  et  al.  1988).  We  have  now  shown  that  NADH- 
dependent  ROS  generation  is  significant  and  regulated  by 
physiological  fluctuations  in  mitochondrial  AM*  and  redox 
state.  This  finding  provides  further  support  for  exploring 
neuroprotective  interventions  based  on  reducing  mitochond¬ 
rial  ROS  generation  through  limited  respiratory  uncoupling 
(Kim-Han  et  al.  2001;  Ferranti  et  al.  2003). 
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Abstract — Bcl-2  family  proteins  protect  against  a  variety  of  forms  of  cell  death,  including  acute  oxidative  stress. 
Previous  studies  have  shown  that  overexpression  of  the  antiapoptotic  protein  Bcl-2  increases  cellular  redox  capacity. 
Here  we  report  that  cell  lines  transfected  with  Bcl-2  paradoxically  exhibit  increased  rates  of  mitochondrial  H202 
generation.  Using  isolated  mitochondria,  we  determined  that  increased  H202  release  results  from  the  oxidation  of 
reduced  nicotinamide  adenine  dinucleotide-linked  substrates.  Antiapoptotic  Bcl-2  family  proteins  Bcl-xL  and  Mcl-1  also 
increase  mitochondrial  H202  release  when  overexpressed.  Chronic  exposure  of  cells  to  low  levels  of  the  mitochondrial 
uncoupler  carbonyl  cyanide  4-(triflouromethoxy)phenylhydrazone  reduced  the  rate  of  H202  production  by  Bcl-xL 
overexpressing  cells,  resulting  in  a  decreased  ability  to  remove  exogenous  H202  and  enhanced  cell  death  under 
conditions  of  acute  oxidative  stress.  Our  results  indicate  that  chronic  and  mild  elevations  in  H202  release  from  Bcl-2, 
Bcl-xL,  and  Mcl-1  overexpressing  mitochondria  lead  to  enhanced  cellular  antioxidant  defense  and  protection  against 
death  caused  by  acute  oxidative  stress.  ©  2004  Elsevier  Inc.  All  rights  reserved. 
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INTRODUCTION 

The  Bcl-2  protein  inhibits  cell  death  promoted  by  a 
wide  variety  of  stimuli  when  overexpressed  (for 
reviews  see  [1-3]).  This  protein  is  located  predom¬ 
inantly  in  intracellular  membranes,  and  most  of  its 
protective  effects  against  cell  death  have  been  attributed 
to  its  mitochondrial  location  [1-3].  Mitochondria  play 
essential  roles  in  the  regulation  of  key  steps  in  both 
apoptotic  and  necrotic  cell  death  by  affecting  energy 
metabolism,  participating  in  intracellular  Ca2+  homeo¬ 
stasis,  regulating  the  activation  of  caspases,  and 
releasing  reactive  oxygen  species  (ROS)  [1,4—6],  Bcl- 
2  overexpression  has  been  previously  shown  to  act  at 
multiple  steps  of  mitochondrially  regulated  cell  death 
such  as  increasing  maximal  mitochondrial  Ca2H  uptake 
capacity  [7],  preventing  the  release  of  proapoptotic 
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mitochondrial  intermembrane  proteins  [8-10],  and 
preventing  oxidative  stress  following  deadly  stimuli 
[4,11-13], 

The  prevention  of  oxidative  stress  following  cell- 
death-initiating  stimuli  is  associated  with  an  increase  in 
the  total  antioxidant  capacity  of  Bcl-2  overexpressing 
cells  [13-15],  It  has  been  hypothesized  [12]  that  this 
enhanced  antioxidant  capacity  is  related  to  a  chronic 
increase  in  cellular  ROS  under  physiological  conditions 
secondary  to  Bcl-2  overexpression.  Indeed,  many 
redox-related  genes  are  activated  by  increased  H2O2 
levels  [16,17]  and  can  be  determinant  in  the  apoptotic 
process  [13],  Data  using  a  single  Bcl-2-transfected  cell 
line  support  the  idea  that  Bcl-2  chronically  increases 
ROS  [12],  However,  other  groups  [11,18]  have  not 
found  changes  in  mitochondrial  ROS  release  in  Bcl-2 
overexpressing  cells  under  physiological  conditions  but 
have  uncovered  a  protection  against  oxidative  stress  by 
Bcl-2  following  apoptotic  stimuli.  It  has  been  argued 
that  the  lack  of  detection  of  a  Bcl-2  effect  under 
physiological  conditions  is  due  to  the  use  of  less 
sensitive  ROS  probes  [12]. 
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If  an  effect  of  Bcl-2  on  mitochondrial  ROS  release 
under  physiological  conditions  is  confirmed,  the  mech¬ 
anism  through  which  such  a  change  could  occur  would 
be  of  great  interest.  We  demonstrated  [7,19]  that  Bcl-2 
does  not  alter  mitochondrial  functional  parameters  such 
as  respiration  and  the  inner  membrane  potential,  suggest¬ 
ing  that  these  are  not  direct  causes  for  any  possible 
changes  in  ROS  release  by  this  organelle.  Furthermore,  a 
link  between  chronic  increases  in  ROS  release  by  Bcl-2 
and  protection  against  acute  oxidative  cell  death  has  not 
been  established. 

In  this  study  we  evaluated  the  effects  of  Bcl-2  and 
antiapoptotic  Bcl-2  family  proteins  Bcl-xL  and  Mcl-1  on 
mitochondrial  ROS  release  using  a  H2O2  detection  system 
that  is  more  sensitive  than  techniques  applied  previously 
to  similar  comparisons.  We  additionally  tested  the 
relationship  of  endogenous  mitochondrial  ROS  produc¬ 
tion  with  sensitivity  to  acute  cell  death  caused  by  oxidative 
stress.  Our  findings  support  the  hypothesis  that  these  Bcl-2 
family  proteins  protect  against  acute  cell  death  by 
increasing  cellular  antioxidant  capacity  due  to  chronic 
changes  in  mitochondrial  ROS  release. 

EXPERIMENTAL  PROCEDURES 

Cell  cultures 

PC  12  pheochromocytoma  and  immortalized  hypo¬ 
thalamic  GT1-7  neuronal  cell  lines  transfected  with  the 
human  bcl-2  gene  (Bcl-2+)  or  with  a  control  retroviral 
construct  (Bcl-2—)  were  maintained  as  described  previ¬ 
ously  [20],  Western  blot  analysis  indicated  that  Bcl-2 
levels  were  undetectable  in  Bcl-2-  cells  and  that  the 
protein  was  present  at  high  levels  in  the  mitochondrial 
fraction  of  Bcl-2+  preparations  (not  shown).  Parental  MM 
8226  cells  (control  cells)  were  transfected  with  bcl-xl  (Bcl- 
xL  cells)  and  mcl-1  (Mcl-1  cells)  and  cultured  as 
previously  described  [21].  Western  blots  of  control  cells 
did  not  exhibit  any  detectable  Bcl-xL  or  Mcl-1.  Prior  to 
experiments,  the  cells  were  suspended  in  growth  medium 
supplemented  with  10  mM  Hepes,  pH  7.0.  Suspended 
cells  were  kept  at  room  temperature  for  up  to  5  h.  Cell 
viability,  as  assessed  by  a  cell  count  in  the  presence  of 
trypan  blue,  was  above  95%  even  after  5  h  at  room 
temperature.  The  suspended  cells  were  centrifuged  and 
resuspended  in  the  medium  used  in  the  experiment  just 
prior  to  each  determination.  Cell  protein  content  was 
determined  using  the  Biuret  method.  The  protein/cell 
count  ratio  was  not  affected  by  the  level  of  Bcl-2  family 
protein  expression.  All  experiments  were  conducted  at 
37°C. 

Mitochondrial  isolation 

Mitochondria  were  isolated  from  digitonin-permea- 
bilized  cells  as  described  by  Moreadith  and  Fiskum  [22] 


in  isolation  buffer  containing  210  mM  mannitol,  75  mM 
sucrose,  1  mg/mL  BSA,  5  mM  Hepes,  and  1  mM 
EGTA,  pH  7.2  (KOH).  Mitochondria  isolated  in  this 
manner  typically  displayed  respiratory  control  ratios 
between  3  and  6,  when  respiring  on  NADH-linked 
substrates. 

H2O2  release 

H2O2  was  measured  by  following  the  oxidation  of 
50  pM  amplex  red  (Molecular  Probes  A 12222)  in  the 
presence  of  1  U/mL  horseradish  peroxidase  (HRP) 
[23,24]  recorded  on  a  temperature-controlled  fluores¬ 
cence  spectrophotometer  equipped  with  continuous 
stirring  and  operating  at  excitation  and  emission 
wavelengths  of  563  and  587  nm,  respectively. 
Because  amplex  red  presents  a  slow  rate  of  sponta¬ 
neous  oxidation  in  the  presence  of  HRP  (<2%  of 
rates  in  the  presence  of  cells  or  mitochondria),  all 
traces  were  subtracted  from  a  baseline  trace  recorded 
in  the  same  media  devoid  of  cells  or  mitochondria. 
Data  were  calibrated  by  adding  known  quantities  of  a 
freshly  prepared  H202  stock  quantified  by  its  absorb¬ 
ance  at  240  nm  (E  =  43.6  M  •  cm-1). 

H2O2  removal 

H202  removal  was  measured  as  described  previ¬ 
ously  [25]  from  freshly  isolated  cell  homogenates 
suspended  in  phosphate-buffered  saline.  Briefly,  0.5 
mg/mL  of  total  cell  protein  was  incubated  for  1  min 
with  1.0  pM  H202  and  a  1-pL  aliquot  was  taken  and 
diluted  in  2  mL  of  suspension  buffer  with  50  pM 
amplex  red  and  1.0  U/mL  horseradish  peroxidase.  A 
single  fluorescence  reading  was  taken  at  563  nm 
emission  and  587  nm  excitation.  Amplex  red  readings 
in  samples  untreated  with  H202  were  negligible, 
indicating  that  oxidation  of  the  dye  by  cytosolic 
components,  e.g.,  NADH,  did  not  significantly  affect 
measurements  under  these  conditions. 

Lactate  dehydrogenase  (LDH)  activity 

LDH  activity  was  measured  using  Sigma  Diagnostics 
LDH  kit  No.  500  in  10  pL  undiluted  growth  media  from 
cells  plated  2  h  previously  at  1  mg  protein/mL  in  the 
presence  of  varying  H202  concentrations.  Total  releas¬ 
able  LDH  was  measured  by  treating  cells  with  0.05% 
digitonin. 

Reagents 

Amplex  red  was  purchased  from  Molecular  Probes. 
Horseradish  peroxidase  (P8125),  EGTA,  digitonin, 
malate,  glutamate,  pyruvate,  succinate,  BSA,  rotenone, 
antimycin  A,  and  alamethicin  were  from  Sigma- 
Aldrich.  All  other  reagents  were  of  analytical  purity 
grades. 
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Data  analysis 

Traces  are  representative  of  data  collected  from  at 
least  three  similar  repetitions.  Averages  represented  in 
scatter  and  bar  graphs  were  calculated  from  data 
collected  from  three  to  nine  repetitions  using  different 
preparations.  Error  bars  indicate  standard  errors  (SE)  and 
significance  was  calculated  using  pairwise  Tukey  tests, 
conducted  by  SigmaStat. 

RESULTS 

Figure  1  shows  H2O2  release  from  two  distinct  cell 
lines  (GT1-7  hypothalamic  tumor  and  PC  12  pheochro- 
mocytoma  cells),  comparing  the  effects  of  Bcl-2  expres¬ 
sion  on  cellular  H2O2  production  by  following  the  time- 
dependent  oxidation  of  amplex  red  in  the  presence  of 
HRP  [25],  This  method  is  sensitive  to  physiological  levels 
of  H2O2  release  and  detects  between  0.025  and  0.05  nmol 
H2O2  '  min  1  •  mg”1  cell  protein  under  normal  growth 


conditions.  In  intact  cells,  no  difference  in  H2O2  release 
between  Bcl-2—  and  Bcl-2+  cells  was  apparent  (left 
panels),  a  result  consistent  with  previous  findings  [11,18]. 

Based  on  previous  work  showing  that  Bcl-2  over¬ 
expression  increases  mitochondrial  H2O2  release  in 
Burkitts  lymphoma  and  promyelocytic  leukemia  cell 
lines  [12]  and  the  finding  that  Bcl-2  overexpression 
enhances  cytosolic  antioxidant  levels  in  the  cell  lines  used 
in  our  study  [14],  we  reevaluated  H2O2  release  in 
digitonin-permeabilized  cells  respiring  in  state  4  (non- 
phosphorylating)  conditions.  Low  digitonin  concentra¬ 
tions  selectively  permeabilize  the  plasma  membrane, 
promoting  a  large  dilution  of  cytosolic  components 
(including  intracellular  antioxidants)  while  maintaining 
cell  architecture  and  mitochondrial  function  unaltered 
[26],  This  is  the  preferred  method  to  study  the  effects  of 
Bcl-2  in  mitochondria  from  transfected  cell  lines,  since 
mitochondrial  isolation  may  promote  damage  to  the 
organelle  in  a  Bcl-2-inhibited  manner  [7,27].  Under  these 


intact  permeabilized 


^  °-20 

b> 

E 


0.15 


0.10 


ro 

®  0.05 

<H 


0.00 


PC12 


intact  permeabilized 


Fig.  1.  Bcl-2  overexpression  increases  H202  generation  in  digitonin-permeabilized  cells.  GT1-7  or  PC12  Bcl-2-  and  Bcl-2+  cells  (as 
indicated)  were  added  at  a  concentration  of  10  mg  protein/mL  to  37°C  media  containing  1  U/mL  HRP  and  50  pM  amplex  red  to  measure 
H202  release  (as  described  under  Experimental  Procedures).  Intact  cells  were  incubated  in  phenol  red-free  modified  Eagle’s  medium 
supplemented  with  10  mM  Hepes,  pH  7.2.  Permeabilized  cells  were  incubated  at  37°C  in  250  mM  sucrose,  5  mM  pyruvate,  5  mM 
malate,  5  mM  glutamate,  100  pM  EGTA,  1  mg/mL  BSA,  0.001  or  0.004%  digitonin  (GT1-7  and  PC12  cells,  respectively),  1  pg/mL 
oligomycin,  and  10  mM  K+-Hepes,  pH  7.2.  Leftmost  and  center  panels  depict  representative  tracings  of  intact  and  permeabilized  cell 
measurements,  respectively.  The  panels  on  the  right  show  averages  of  at  least  three  repetitions.  *p  <  0.05  compared  to  Bcl-2-  cells. 
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conditions  and  in  the  presence  of  NADH-linked  sub¬ 
strates,  we  found  that  both  lines  of  Bcl-2+  cells  generated 
significantly  higher  H2O2  levels  than  their  respective 
control  transfectants  (Fig.  1,  right  panels). 

To  determine  whether  mitochondria  are  responsible 
for  the  Bcl-2-dependent  differences  in  H2O2  release,  we 
incubated  penneabilized  GT1-7  and  PC  12  cells  in  the 
absence  of  respiratory  substrates  (Fig.  2).  Under  these 
conditions,  endogenous  redox  sources  are  rapidly 
depleted  (1-2  min  after  the  addition  of  the  cells).  The 
FI2O2  detection  rates  after  this  period  were  similar  in  Bcl- 
2-  and  Bcl-2+  cells,  but  the  increased  FI2O2  release  rates 
observed  in  Bcl-2+  cells  could  be  recovered  by  adding 
the  mitochondrial  NADH-linked  substrate  pyruvate, 
indicating  that  the  difference  in  H2O2  release  in  Bcl-2+ 
cells  is  of  mitochondrial  origin. 

There  are  several  sites  of  mitochondrial  ROS  produc¬ 
tion  including  Complexes  1  and  Ill  of  the  electron 
transport  chain  and  possibly  several  tricarboxylic  acid 
cycle  dehydrogenases  [28,29].  Furthermore,  mitochon¬ 
drial  ROS  release  is  altered  by  changes  in  respiratory 
rates  and  the  use  of  different  respiratory  inhibitors.  While 
increasing  respiration  with  uncouplers  generally  reduces 
ROS  release,  inhibiting  specific  respiratory  complexes 
enhances  electron  leakage  from  sites  upstream  of  the  in¬ 
hibition  [30,31].  ROS  production  by  Bcl-2+  and  Bcl-2— 
mitochondria  was  compared  using  different  respiratory 
substrates  and  inhibitors  in  an  attempt  to  further  identify 
the  molecular  basis  for  the  effects  of  Bcl-2  on  ROS 
generation.  In  these  experiments,  we  used  isolated  GT1-7 
and  PC  12  mitochondria  to  avoid  amplex  red  oxidation  by 
nonmitochondrial  cellular  components.  Using  isolated 
mitochondria,  amplex  red  oxidation  in  the  absence  of 
respiratory  substrates  was  negligible  (results  not  shown). 
H2O2  release  from  isolated  Bcl-2+  mitochondria  was 
enhanced  relative  to  Bcl-2-  preparations  in  the  presence 


Fig.  2.  Increased  H202  release  in  Bcl-2+  cells  is  of  mitochondrial  origin. 
Permeabilized  GT1-7  and  PC  12  cells  were  incubated  under  the 
conditions  described  in  the  legend  to  Fig.  1,  except  that  the 
mitochondrial  respiratory  substrates  pyruvate,  malate,  and  glutamate 
were  not  present  in  the  incubation  buffer.  Pyruvate  (5  mM)  was  added 
where  indicated. 


of  NADH-linked  substrates  malate  plus  glutamate  (Mai  + 
Glu)  or  pyruvate  (Pyr).  Rotenone  (Rot),  a  Complex  I 
inhibitor,  enhanced  H2O2  release  in  both  Bcl-2+  and  Bcl- 
2-  preparations  (Fig.  3),  suggesting  that  the  difference  in 
ROS  generation  originates  from  an  electron  source 
upstream  of  rotenone  inhibition,  such  as  iron-sulfur 
centers  in  Complex  I  [28,32]. 

Support  for  a  Complex-I-associated  effect  of  Bcl-2  on 
mitochondrial  ROS  production  came  from  experiments 
performed  with  the  Complex  II  substrate  succinate 
(Succ).  GT1-7  Bcl-2+  and  Bcl-2-  mitochondria  generated 
equal  amounts  of  H2O2  when  energized  with  succinate 
(Fig.  3).  In  PC12  mitochondria,  H2O2  release  rates 
supported  by  succinate  were  significantly  higher  in 
Bcl-2  transfectants  unless  antimycin  A  (AA),  which 
increases  ROS  release  at  the  level  of  coenzyme  Q  [33], 
was  present.  As  these  results  argue  against  an  involve¬ 
ment  of  coenzyme  Q/Complex  III  in  Bcl-2-regulated 
ROS  production  in  the  presence  of  succinate,  we 
hypothesized  that  Bcl-2  affects  ROS  production  by 
NADH-linked  substrates,  e.g.,  malate,  that  can  be 
generated  from  succinate  via  matrix  tricarboxylic  acid 
cycle  enzymes.  To  eliminate  this  potential  contribution  to 
succinate-driven  ROS  generation,  we  incubated  mito¬ 
chondria  with  alamethicin  (Ala),  which  forms  large  pores 
in  mitochondrial  membranes  resulting  in  organellar 
swelling,  rupture,  and  release  of  soluble  matrix  compo¬ 
nents.  Under  these  conditions,  succinate  oxidation  via 
membrane-bound  succinate  dehydrogenase  (Complex  II) 
resulted  in  H2O2  release  rates  that  were  equal  for  Bcl-2- 
and  Bcl-2+  mitochondria.  Thus,  increases  in  ROS  release 
in  Bcl-2+  mitochondria  occur  due  to  changes  in  NADH 
metabolism,  and  electron  leakage  leading  to  ROS  release 
between  Complexes  II  and  IV  is  equal  in  cells  with 
different  levels  of  Bcl-2  expression.  H2O2  release  in 
alamethicin-permeabilized  mitochondria  was  measured 
using  only  succinate  as  a  substrate  due  to  the  interference 
of  added  NADH  with  the  amplex  red  detection  system. 

Previous  experiments  by  our  group  using  the  same 
cell  lines  have  determined  that  Bcl-2  does  not  signifi¬ 
cantly  change  mitochondrial  respiratory  rates  or  mem¬ 
brane  potential  [7,19].  This  suggests  that  changes  in 
respiratory  rates  are  not  responsible  for  increases  in  ROS 
release  in  Bcl-2+  mitochondria.  We  have  also  found 
previously  that  Bcl-2+  mitochondria  contain  larger 
quantities  of  NAD(H)  and  an  increased  ability  to 
maintain  NAD(H)  in  its  reduced  state  [34],  This  effect 
could  be  related  to  the  enhanced  H2O2  generation 
promoted  by  Bcl-2  as  mitochondrial  ROS  production  is 
very  sensitive  to  changes  in  NAD(H)  redox  state  [35,36]. 
To  investigate  this  possibility,  we  measured  H202  release 
in  the  presence  of  different  respiratory  conditions  that 
maintain  NADH/NAD+  ratios  at  either  very  high  or  low 
levels  by,  respectively,  decreasing  or  maximizing  elec- 
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Fig.  3.  NADH  is  the  electron  source  for  increased  ROS  release  in  Bcl-2+  cells.  Isolated  GT1-7  and  PC12  cell  mitochondria  (0.5  mg/mL) 
were  incubated  at  37°C  in  250  mM  sucrose,  1  mM  EGTA,  1  mg/mL  BSA,  1  mM  K+-Pi5  5  mM  Mg2+,  2  mM  ATP,  and  10  mM  K+-Hepes, 
pH  7.2,  containing  1  U/mL  HRP  and  50  pM  amplex  red.  Malate  plus  glutamate  (Mai  +  Glu,  5  mM  each),  5  mM  pyruvate  (Pyr),  5  mM 
succinate  (Succ),  100  nM  alamethicin  (Ala),  1  pg/mL  oligomycin  (Oligo),  100  nM  rotenone  (Rot),  and/or  200  nM  antimycin  A  (AA) 
were  added  where  indicated.  *p  <  0.05  compared  to  Bcl-2-mitochondria. 


tron  transport  (Fig.  4).  We  found  that  H2O2  release  levels 
were  higher  in  both  Bcl-2+  cell  types,  regardless  of 
whether  respiration  was  maximized  by  oxidative  phos¬ 
phorylation  (ADP)  or  uncoupler  (FCCP),  or  decreased  by 
the  ATP  synthetase  inhibitor  oligomycin  (Oligo).  These 
results  demonstrate  that  the  Bcl-2  effect  on  ROS 
production  is  independent  of  changes  in  NADH/NAD+ 
ratios  and  is  probably  related  to  increased  electron 
leakage  at  or  prior  to  Complex  I. 

If  the  increase  in  mitochondrial  H2O2  release  pro¬ 
moted  by  Bcl-2  bears  any  relevance  to  ability  to  advance 
tumor  generation  or  protect  against  cell  death,  similar 
effects  should  be  observed  with  other  antiapoptotic  Bcl-2 


family  proteins.  Thus,  we  worked  with  multiple  myeloma 
cells  (MM  8226)  transfected  with  Bcl-xL  and  Mcl-1 
antiapoptotic  proteins.  Bcl-xL  is  structurally  similar  to 
Bcl-2  ,  while  Mcl-1  is  a  larger  protein,  lacking  the  BF14 
homology  region  [2,21],  Both  proteins  are  effective 
protectors  against  a  variety  of  forms  of  cell  death, 
including  oxidative  damage  [2,21,37,38],  We  found 
(Fig.  5)  that  Mcl-1  moderately  increased  cellular  H202 
release  measured  in  intact  cells,  digitonin-permeabilized 
cells,  or  isolated  mitochondria,  while  Bcl-xL  presented  a 
very  strong  FLC^-stimulating  effect  under  these  con¬ 
ditions.  Again,  increased  H2O2  release  was  observed 
only  using  NADH-linked  substrates.  Parallel  measure- 
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Fig.  4.  Increased  ROS  release  in  Bcl-2+  cells  is  independent  of  respiratory  energy  coupling.  Isolated  GT1-7  and  PC12  cell  mitochondria 
(0.5  mg/mL)  were  incubated  at  37°C  in  250  mM  sucrose,  1  mM  EGTA,  1  mg/mL  BSA,  1  mM  K+-Pj,  5  mM  Mg2+,  and  10  mM  K+- 
Hepes,  pH  7.2,  containing  1  U/mL  HRP  and  50  pM  amplex  red.  Malate  plus  glutamate  (Mai  +  Glu,  5  mM  each)  or  5  mM  pyruvate  (Pyr). 
200  |.i  VI  ADP,  1  pg/mL  oligomycin  (Oligo),  and  0.5  pM  FCCP  were  added  sequentially  where  indicated.  *p  <  0.05  compared  to  Bcl-2- 
mitochondria. 
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Fig.  5.  Bcl-xL  and  Mcl-1  overexpression  increases  H202  generation.  10  mg/mL  control,  Bcl-xL,  or  Mcl-1  overexpressing  MM  8226 
cells  (0.5  mg/mL)  isolated  MM  8226  mitochondria  (as  indicated)  were  added  to  37°C  media  containing  1  U/ml  HRP  and  50  pM  amplex 
red  to  measure  H202  release  (as  described  under  Experimental  Procedures).  Intact  cells  were  incubated  in  RPMI  media  supplemented 
with  5  U  superoxide  dismutase/mL  and  10  mM  Hepes,  pH  7.2.  FCCP  (100  nM)  was  added  where  shown  15  min  before  the 
measurement.  Penneabilized  cells  were  incubated  in  250  mM  sucrose,  5  mM  pyruvate,  5  mM  malate,  5  mM  glutamate,  100  pM  EGTA, 
1  mg/mL  BSA,  0.005%  digitonin,  1  pg/mL  oligomycin,  and  10  mM  K+-Hepes,  pH  7.2.  Experiments  using  isolated  MM  8226 
mitochondria  were  conducted  under  the  conditions  described  in  the  legend  to  Fig.  3.  *p  <  0.05  compared  to  control  mitochondria. 


ments  of  respiratory  rates  and  respiratory  control  ratios 
did  not  show  any  significant  differences  between  trans¬ 
fected  and  untransfected  cells  (results  not  shown). 

Since  Bcl-xL-dependent  differences  in  H2O2  release 
were  detectable  in  intact  MM  8226  cells,  we  used  these 
cells  to  test  the  hypothesis  that  chronic  increases  in  H2O2 
generation  are  paradoxically  related  to  protection  against 
acute  oxidative  cell  death.  We  found  that  H2O2  release  in 
Bcl-xL  cells  could  be  reduced  by  mildly  uncoupling 
mitochondria  with  nanomolar  concentrations  of  FCCP 
(Fig.  5,  far  left).  We  cultured  the  cells  in  the  presence  of 
these  concentrations  of  FCCP  for  48  h,  measured  their 
ability  to  remove  H2O2,  and  determined  their  resistance 
to  H202-promoted  cell  death  (Fig.  6).  We  found  (Fig.  6, 
left)  that  Bcl-xL  cell  homogenates  had  a  greater  ability  to 


remove  H2O2  relative  to  controls,  possibly  reflecting 
enhanced  catalase  and  peroxidase  activity.  Incubation 
with  FCCP  for  48  h  reduced  the  FLCL  removal  activity  of 
Bcl-xL  cells  to  levels  more  similar  to  those  of  controls. 
This  effect  was  not  due  to  a  toxic  effect  of  FCCP  per  se, 
since  Bcl-xL  cells  treated  with  FCCP  just  prior  to 
homogenization  did  not  exhibit  lower  H2C>2  removal 
activity.  Thus,  the  decrease  in  FLO2  removal  promoted 
by  FCCP  is  dependent  on  long-term  mild  uncoupling  and 
is  associated  with  depressed  mitochondrial  ROS  release. 

In  parallel  to  H2O2  removal  experiments,  we  meas¬ 
ured  resistance  to  acute  oxidative  stress  in  these  cell 
types.  Intact  cells  were  incubated  in  the  presence  of  mM 
concentrations  of  exogenous  H2O2  for  2  h,  and  cell 
damage  was  measured  by  determining  lactate  dehydro- 


Fig.  6.  Mild  uncoupling  decreases  the  effect  of  Bcl-xL  overexpression  on  cellular  H202  removal  capacity  and  resistance  to  oxidative 
stress.  Control  or  Bcl-xL  cells  were  grown  under  control  conditions  or  in  the  presence  of  100  nM  FCCP,  as  shown.  H202  removal 
capacity  (left)  was  determined  in  fresh  cell  homogenates  as  described  under  Experimental  Procedures.  Cell  death,  as  indicated  by  LDH 
release  (right),  was  determined  in  the  growth  medium  after  2-h  incubation  in  varying  H202  concentrations,  as  shown.  *p  <  0.05 
compared  to  control  cells;  #p  <  0.05  compared  to  Bcl-xL  cells. 
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genase  activity  in  the  growth  media.  We  found  (Fig.  6, 
right)  that  Bcl-xL  cells  were  strongly  resistant  to  damage 
under  these  conditions.  However,  Bcl-xL  cells  treated 
with  FCCP  for  48  h  lost  most  of  their  resistance  to  H2O2- 
induced  cell  death.  This  increased  sensitivity  to  H2O2 
was  not  related  to  acute  FCCP  poisoning,  since  Bcl-xL 
cells  treated  with  FCCP  just  prior  to  the  addition  of  H2O2 
exhibited  injury  similar  to  that  of  untreated  cells.  In 
addition,  control  cells  treated  with  FCCP  for  48  h  or  just 
prior  to  H2O2  exposure  behaved  similarly  to  untreated 
control  cells  (results  not  shown).  Thus,  increased 
mitochondrial  ROS  release,  increased  ability  to  remove 
H2O2,  and  resistance  to  oxidative  stress  are  closely 
associated  in  Bcl-xL  overexpressing  cells. 

DISCUSSION 

One  of  the  most  intriguing  properties  of  Bcl-2  family 
proteins  is  their  ability  to  prevent  both  apoptotic  and 
necrotic  cell  death.  While  the  antiapoptotic  effects  of  these 
proteins  have  been  shown  to  be  mediated  by  binding  to 
proapoptotic  proteins  such  as  Bax,  inhibiting  their  ability 
to  oligomerize  and  form  pores  in  the  mitochondrial  outer 
membrane  through  which  soluble  mitochondrial  proapop¬ 
totic  proteins  are  released  into  the  cytosol  [2,39,40],  the 
mechanisms  related  to  antinecrotic  effects  of  Bcl-2 
[41,42]  are  more  poorly  understood. 

Several  lines  of  evidence  suggest  that  one  of  the 
mechanisms  through  which  Bcl-2  family  proteins  protect 
against  necrotic  cell  death  involves  enhanced  antioxidant 
defenses  in  these  cells:  (i)  these  proteins  protect  against 
cell  death  induced  by  exogenous  oxidants  [11,37,38],  (ii) 
depletion  of  intracellular  antioxidants  without  affecting 
Bcl-2  levels  can  eliminate  the  protective  effect  of  Bcl-2 
or  Bcl-xL  [13,15,43,44],  and  (iii)  Bcl-2  overexpressing 
cells  contain  higher  levels  of  antioxidants  [14,15]. 
However,  the  mechanism  through  which  cells  expressing 
Bcl-2  family  proteins  develop  this  increased  resistance 
against  oxidative  stress  was  not  established  to  date. 

Redox-related  genes  are  regulated  by  a  variety  of 
factors  that  include  local  oxygen  tension  and  intracellular 
[H202]  [16,17,45],  parameters  that  could  be  altered  by 
mitochondrial  proteins  such  as  Bcl-2.  Since  previous  data 
from  our  group  indicated  that  Bcl-2  does  not  alter  normal 
mitochondrial  respiration  [7,19],  it  is  unlikely  that 
intracellular  oxygen  tension  is  affected  by  Bcl-2  levels. 
We  therefore  focused  our  attention  on  a  possible  effect  of 
this  protein  on  mitochondrial  H2O2  release  levels.  We 
hypothesized  that  Bcl-2  could  moderately  increase 
mitochondrial  ROS  release  under  physiological  condi¬ 
tions,  leading  to  enhanced  antioxidant  expression  levels 
and  protection  against  acute  oxidative  stress-related  cell 
death.  Our  hypothesis  was  supported  by  previous  results 
suggesting  higher  mitochondrial  H2O2  generation  in  Bcl- 


2-transfected  cells  [12,46]  despite  a  lack  of  such  a 
difference  reported  in  other  publications  [11,18]. 

Using  cell  lines  transfected  with  Bcl-2,  Bcl-xL,  and 
Mcl-1  and  employing  a  highly  sensitive  H2O2  detection 
method,  we  found  a  significant  30-100%  increase  in 
mitochondrial  H2O2  release  relative  to  cells  that  express 
lower  levels  of  these  antiapoptotic  proteins  (Figs.  1-5). 
This  effect  is  probably  due  to  changes  in  electron  leakage 
at  the  level  of  respiratory  Complex  I,  since  it  could  be 
observed  only  in  the  presence  of  NADH-linked  substrates 
(Figs.  3  and  5).  The  promotion  of  ROS  production  by 
these  Bcl-2  family  proteins  is  not  due  to  their  effects  on 
NAD(H)  redox  state,  as  indicated  by  the  consistent  results 
observed  in  the  presence  either  of  the  uncoupler  FCCP 
(oxidized  redox  state)  or  of  the  ATP  synthetase  inhibitor 
oligomycin  (reduced  redox  state)  (Figs.  4  and  5).  We  have 
not,  at  this  juncture,  identified  the  precise  mechanism 
through  which  Bcl-2  family  protein  overexpression  leads 
to  enhanced  ROS  release  from  mitochondria.  It  is, 
however,  possible  that  this  effect  of  Bcl-2  proteins  is 
due  to  changes  in  the  composition  or  structure  of 
Complex  I,  resulting  in  increased  electron  leakage  but 
not  enhanced  electron  transport.  Alternatively,  Bcl-2 
family  proteins  may  interact  with  Complex  I,  resulting 
in  increased  electron  leakage.  Furthermore,  although  our 
results  suggest  that  Complex  1  is  the  main  site  for 
enhanced  electron  leakage  in  Bcl-2-family-protein-trans- 
fected  mitochondria,  they  do  not  completely  rule  out  a 
possibility  for  other  electron  leakage  sites  such  as 
Complex  111.  Regardless  of  the  site  and  mechanism 
through  which  the  increase  in  ROS  occurs,  our  results 
confirm  and  extend  earlier  reports  suggesting  elevated 
ROS  generation  with  Bcl-2  overexpression  [12]  and  are 
the  first  to  demonstrate  that  three  different  anti-death  Bcl- 
2  family  proteins  share  the  common  characteristic  of 
elevating  basal  rates  of  mitochondrial  ROS  production. 

Despite  the  higher  H2O2  release  rate  observed  with 
Bcl-2  family  protein  expression  and  either  isolated 
mitochondria  or  peimeabilized  cells,  differences  in  H2O2 
production  measured  with  control  vs  overexpressing 
intact  cells  were  either  eliminated  (Bcl-2,  Fig.  1)  or  less 
evident  (Bcl-xL,  Fig.  5).  These  comparisons  indicate  that 
elevated  mitochondrial  ROS  production  is  compensated 
by  enhanced  H2O2  removal  capacities  in  the  transfected 
cells.  Our  finding  that  the  H2O2  removal  rate  of  Bcl-xL 
cell  homogenates  is  greater  than  that  of  control  cells 
supports  this  interpretation  (Fig.  6).  Moreover,  previous 
work  with  the  same  Bcl-2-transfected  cells  demonstrated 
elevated  expression  of  catalase  or  glutathione  reductase, 
two  enzymes  directly  involved  in  the  elimination  of  H2O2 
[14],  These  observations  taken  together  suggest  that  the 
mild  oxidative  stress  caused  by  elevated  mitochondrial 
ROS  production  mediated  by  Bcl-2  family  protein  over¬ 
expression  is  responsible  for  inducing  the  expression  of 
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one  or  more  antioxidant  systems.  Our  finding  that  48  h 
exposure  of  Bcl-xL  overexpressing  cells  to  a  level  of  a 
mitochondrial  uncoupler  that  significantly  lowers  cellular 
H2O2  release  also  reduces  the  H2O2  removal  capacity  of 
cellular  homogenates  supports  this  hypothesis  (Fig.  6). 

Our  results  suggest  that  Bcl-2  family  proteins  may 
protect  against  oxidative  cell  death  in  a  manner  similar 
to  that  of  ischemic  preconditioning  in  which  short 
nondamaging  periods  of  ischemia  protect  against  longer 
ischemic  damage  [47],  During  preconditioning,  mito¬ 
chondrial  ROS  release  is  moderately  increased,  and  this 
effect  prevents  large  increases  in  ROS  after  ischemia 
[48,49],  The  prevention  of  ROS  release  after  ischemic 
preconditioning  may  be  related  to  altered  gene  expres¬ 
sion  in  delayed  preconditioning  [50]  or,  acutely,  to 
redox  activation  of  pathways  capable  of  preventing 
mitochondrial  ROS  release  such  as  ATP-sensitive  K+ 
channels  [48,51]. 

Thus,  while  large  increases  in  endogenous  ROS 
accumulation  are  damaging  to  cells  under  many  con¬ 
ditions,  moderate  increases  in  ROS  such  as  those 
promoted  by  antiapoptotic  Bcl-2  family  members  may 
be  protective  in  a  preconditioning-like  manner,  making 
cells  better  prepared  to  respond  to  acute  oxidative  stress. 
This  effect  explains  the  protective  role  of  Bcl-2  family 
proteins  against  acute  oxidative  stress,  in  which  the 
primary  role  of  these  proteins  does  not  necessarily 
involve  preventing  the  proapoptotic  effects  of  proteins 
such  as  Bax  or  the  prevention  of  caspase  activation  [37]. 
Indeed,  protection  against  oxidative  stress  promoted  by 
Bcl-2  family  proteins  may  be  vital  to  tumor  cell  survival 
since  primary  and  metastatic  tumors  grow  under  a  variety 
of  oxygen  tensions  [52-54]  and,  presumably,  intennittent 
periods  of  oxidative  stress. 
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Abstract 

Exposure  of  neurones  in  culture  to  excitotoxic  levels  of  glu¬ 
tamate  results  in  an  initial  transient  spike  in  [Ca2+]i  followed 
by  a  delayed,  irreversible  [Ca2+]j  rise  governed  by  rapid 
kinetics,  with  Ca2+  originating  from  the  extracellular  medium. 
The  molecular  mechanism  responsible  for  the  secondary 
Ca2+  rise  is  unknown.  Here,  we  report  that  the  delayed  Ca2+ 
entry  in  cortical  neurones  is  diminished  by  2-amino- 
ethoxydiphenyl  borate  (2-APB:  IC50  =  62  ±  9  pM)  and  La3+ 
(IC50  =  7.2  ±  3  pm),  both  known  to  inhibit  transient  receptor 
potential  (TRP)  and  store-operated  Ca2+  (SOC)  channels. 
Application  of  thapsigargin,  however,  failed  to  exacerbate  the 
delayed  Ca2+  deregulation,  arguing  against  a  store  depletion 
event  as  the  stimulus  for  induction  of  the  secondary  [Ca2+]j 
rise.  In  addition,  these  neurones  did  not  exhibit  SOC  entry. 


Unexpectedly,  application  of  ryanodine  or  caffeine  signifi¬ 
cantly  inhibited  glutamate-induced  delayed  Ca2+  deregula¬ 
tion.  In  basal  Ca2+  entry  experiments,  La3+  and  2-APB 
modulated  the  rapid  rise  in  [Ca2+]i  caused  by  exposure  of 
neurones  to  Ca2+  after  pre-incubating  in  a  calcium-free 
medium.  This  basal  Ca2'  influx  was  mitigated  by  extracellular 
Mg2+  but  not  aggravated  by  thapsigargin,  ryanodine  or  caf¬ 
feine.  These  results  indicate  that  2-APB  and  La3+  influence 
non-store-operated  Ca2+  influx  in  cortical  neurones  and  that 
this  route  of  Ca2+  entry  is  involved  in  glutamate-induced 
delayed  Ca2+  deregulation. 

Keywords:  2-aminoethoxydiphenyl  borate,  delayed  Ca2+ 
deregulation,  excitotoxicity,  La3+,  store-operated  calcium 
entry,  transient  receptor  potential. 
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Delayed  calcium  deregulation  (DCD)  is  a  phenomenon 
originally  described  by  Manev  and  colleagues  (Manev  et  al. 
1989),  further  characterized  by  the  groups  of  Thayer  (Randall 
and  Thayer  1992)  and  Tymianski  (Tymianski  et  al.  1993b), 
addressing  the  latent  loss  of  calcium  homeostasis  of  cultured 
neurones  upon  exposure  to  glutamate.  The  phenomenon  is 
invariably  demonstrated  in  every  neuronal  cell  type  studied, 
i.e.  spinal  (Tymianski  et  al.  1993b),  hippocampal  (Randall 
and  Thayer  1992),  cerebellar  granule  (Budd  and  Nicholls 
1996),  striatal  (Alano  et  al.  2002)  and  cortical  neurones 
(Rajdev  and  Reynolds  1994).  DCD  is  not  observed  if  high 
extracellular  K+  is  alternatively  employed  to  elevate  [Ca“+]i; 
this  led  to  the  proposal  of  a  ‘source  specificity’  hypothesis  of 
Ca2+-induced  neurotoxicity  (Tymianski  et  al.  1993b).  How¬ 
ever,  this  idea  has  been  challenged  by  subsequent  studies 
showing  that  activation  of  NMDA  receptors  produces  much 
larger  Ca~+  entry  than  activation  of  voltage-dependent  Ca“+ 
channels  by  high  extracellular  K+  (Hyrc  et  al.  1997).  The 
initial  spike  in  [Ca2+]i  induced  by  glutamate  is  due  to 
opening  of  the  ligand-gated  glutamate  receptors,  in  addition 
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to  secondary  activation  of  the  voltage-dependent  calcium 
channels  (VDCCs).  DCD,  however,  is  not  attributed  only  to 
events  downstream  of  NMD  A  receptor  activation,  but  also  to 
AMPA/kainate,  as  well  as  to  tetrodotoxin  (TTX)-sensitive 
channels  activated  by  veratridine  in  combination  with 
oxidative  stress  (Chinopoulos  et  al.  2000)  or  alone  (Rego 
et  al.  2001).  Yet,  the  delayed  [Ca2+];  rise  is  not  inhibitable  by 
post-glutamate  addition  of  antagonists  of  NMDA  or  non- 
NMDA  receptors  (Manev  et  al.  1989;  Tymianski  et  al. 
1993a),  nor  by  blocking  voltage-dependent  Ca“+  or  Na+ 
channels  (Hartley  and  Choi  1989;  Manev  et  al.  1989; 
Randall  and  Thayer  1992;  Tymianski  et  al.  1993a).  A 
number  of  studies  have  shown  that  DCD  is  associated  with 
the  loss  of  mitochondrial  membrane  potential.  Therefore,  the 
secondary  rise  in  [Ca~+]j  could  result  from  the  release  of 
calcium  previously  sequestered  by  mitochondria  (Nicholls 
and  Ward  2000).  In  addition,  the  delayed  [Ca2+];  rise  appears 
to  be  accompanied  by  mitochondrial  sequestration,  supported 
by  in  vivo  studies  (Dux  et  al.  1987)  demonstrating  ultra- 
structural  alterations  of  the  mitochondria  suggestive  of  pore 
opening.  However,  to  consign  DCD  and  permeability 
transition  pore  (PTP)  in  the  pragmatic  order  of  events  is 
not  yet  feasible  (Nicholls  et  al.  2003).  Several  lines  of 
evidence  argue  against  the  possible  contribution  of  a  reverse 
function  of  the  plasma  membrane  Na+/Ca2+  exchanger 
(PMNCX)  to  the  delayed  Ca2+  rise:  (i)  NMDA-induced 
(but  not  glutamate-induced)  neurotoxicity  is  not  affected  by 
profound  hypothermia  (12°C)  (Tymianski  et  al.  1998),  a 
condition  that  diminishes  the  function  of  the  exchanger 
dramatically  (Schellenberg  and  Swanson  1982);  (ii)  the 
reverse  function  of  the  exchanger  is  eliminated  upon 
exposure  of  neurones  to  glutamate  within  3-5  min  (Yu  & 
Choi  1997);  (iii)  inhibition  of  the  exchanger  by  KB-R7943 
unveiled  a  trivial  role  for  the  expression  of  excitotoxic  injury 
(Hoyt  et  al.  1998).  However,  DCD  demands  the  existence  of 
a  discrete  pathway  as  it  precedes,  and  eventually  leads  to, 
plasma  membrane  leakiness  (Tymianski  et  al.  1993  a)  and 
cell  death  (Tymianski  et  al.  1993a,  b;  Limbrick  et  al.  1995). 
It  is  firmly  established  that  Ca2+  originates  from  the 
extracellular  medium  (Hartley  and  Choi  1989;  Manev  et  al. 
1989;  Randall  and  Thayer  1992;  Tymianski  et  al.  1993b),  but 
DCD  is  not  attributed  to  the  ‘traditionally’  recognized  Ca2+ 
channels,  such  as  glutamate  receptor-operated  or  voltage¬ 
gated  Ca~+  channels  (Limbrick  et  al.  2001).  Along  this  line, 
it  was  shown  that  a  secondary  activation  of  a  non-selective 
cation  conductance,  termed  post-exposure  current  (7pe),  is 
induced  subsequent  to  excitotoxic  application  of  NMDA  to 
hippocampal  neurones  and  probably  accounts  for  the  delayed 
Ca2+  rise  (Chen  et  al.  1997). 

We  explored  the  possibility  that  DCD  is  mediated  by 
transient  receptor  potential  (TRP)  channels,  which  are 
abundant  in  nervous  tissue  (Montell  et  al.  2002).  Currently, 
a  few  members  of  the  TRP  family  are  candidates  for  the 
so-called  ‘store-operated  Ca~+  entry'  [(SOCE)  also  known  as 


capacitative  calcium  entry  (CCE)].  SOCE  is  a  process 
whereby  the  depletion  of  intracellular  calcium  stores  (likely 
endoplasmic  or  sarcoplasmic  reticulum)  activates  plasma 
membrane  Ca“+  permeable  channels  (Putney  1986).  SOCE  is 
centrally  positioned  among  signal  transduction  and  [Ca~+]; 
homeostasis  in  both  excitable  and  non-excitable  cells  (Ven- 
katachalam  et  al.  2002).  However,  unequivocal  evidence 
showing  that  TRP  channels  account  for  SOCE  is  yet  to  be 
reported  (Clapham  2003).  In  addition,  several  members  of 
the  TRP  channel  family  operate  in  a  store-independent 
manner  (Braun  et  al.  2001;  Obukhov  and  Nowycky  2002; 
Zitt  et  al.  2002). 

Our  results  are  consistent  with  the  hypothesis  that 
activation  of  TRP  channels  is  responsible  for  the  delayed 
[Ca2+]i  rise.  However,  they  do  not  support  a  role  for 
intracellular  Ca“+  store  depletion  in  triggering  DCD.  This 
hypothesis  is  supported  by  the  recent  demonstration  that 
TRPM7,  a  member  of  the  melastatin  branch  of  the  TRP 
family,  is  responsible  for  neuronal  death  (Aarts  et  al.  2003) 
caused  by  oxygen-glucose  deprivation,  a  model  previously 
reported  to  mediate  neuronal  demise  through  NMDA  recep¬ 
tor  (NMDAR)  activation  (Goldberg  et  al.  1987;  Goldberg 
and  Choi  1993). 

Materials  and  methods 

Preparation  of  cortical  neurones 

Primary  cultures  of  cortical  neurones  were  prepared  from  Sprague- 
Dawley  rats  (17th  day  in  utero).  All  animal  procedures  were  carried 
out  in  accordance  with  the  National  Institutes  of  Health  and  the 
University  of  Maryland,  Baltimore,  Animal  Care  and  Use  Commit¬ 
tee  Guidelines.  Neurones  were  grown  on  25  mm  coverslips  for 
10-16  days  in  vitro ,  at  a  density  of  approximately  50  000  cells/ 
coverslip,  supplemented  with  Dulbecco’s  modified  Eagle’s  essential 
medium  (DMEM),  glutamine,  neurobasal  medium  and  B27  supple¬ 
ment.  Glial  proliferation  was  prevented  by  adding  cytosine- 
arabinofuranoside  (5  |iM)  24  h  after  plating.  Immunocytochemical 
measurements  of  glial  fibrillary  acid  protein  (GFAP)  confirmed  that 
cultures  contained  <1%  glia. 

[Ca2+]j  imaging 

To  measure  [Ca2+]i,  neurones  were  loaded  with  fura-2  AM,  fiira- 
6F  AM  or  fiira-FF  AM  (2  gM)  at  37°C  for  20  min,  followed  by  a 
1 0  min  hydrolysis  period.  Single  cell  fluorescence  of  fura-2,  fura-6F 
or  fura-FF  was  ratio  imaged  by  alternating  excitation  at  340  nm  and 
380  nm  (Polychrome  IV,  Till,  Munich,  Gennany),  and  emission  at 
510  nm.  Image  sequences  (10  s/ratio  frame,  50  ms  exposure  time, 
2x2  binning)  were  acquired  using  an  ORCA-ER  cooled  digital  CCD 
camera  (Hamamatsu  Photonics,  Hamamatsu,  Japan)  mounted  on  a 
Nikon  Eclipse  TE2000-S  inverted  microscope  (SFluor  20  x  0.75  NA 
and  40x  1.2  numerical  apeture  (NA)  for  [Ca2+];  and  [Ca2+]ER 
determinations,  respectively;  Nikon  Corp.,  Tokyo,  Japan).  Image 
acquisition  was  controlled  by  Metafluor  5.0  (Universal  Imaging 
Corp.,  West  Chester,  PA,  USA).  The  sample  holder  and  the  perfusate 
(50  mL/h  flow  rate)  were  temperature  controlled  at  37°C  at  the  side  of 
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the  recording.  The  composition  of  the  perfusate  was,  in  mM:  NaCl 
120,  KC1 3.5,  KH2P04  0.4,  HEPES  20,  NaHC03  5,  glucose  15,  CaCl2 
1.3  (or  2.6  where  indicated),  MgCl2  1  (or  nominally  Mg2+-free  for 
DCD  experiments  in  the  absence  or  presence  of  inhibitors).  Whenever 
LaCl3  was  used,  KH2P04  and  NaHC03  were  excluded  from  the 
medium;  control  experiments  verified  that  the  lack  of  these  chemicals 
did  not  account  for  the  effects  of  LaCl3. 

Delayed  Ca2+  deregulation  was  assayed  by  counting  the  cells  on 
fura-6F  ratio  plots,  which  exhibited  a  sudden,  irreversible  rise  in 
fura-6F  fluorescence  ratio  after  the  initial  glutamate  peak.  Flalf-times 
U1/2)  of  [Ca2+]j  decay  for  basal  Ca2+  entry  experiments  were 
calculated  by  fitting  a  single-exponential  decay  function  on  each 
trace,  from  the  peak  in  400  s  length.  Image  analysis  was  carried  out 
in  Metafluor  Analyst  (Universal  Imaging  Corp.),  and  data  analysis 
in  Mathematica  4.2  (Wolfram  Research,  Champaign,  IL,  USA)  and 
SigmaPlot  8  (SPSS  Inc.,  Chicago,  IL,  USA). 

[Mg2+]j  imaging 

[Mg2+]i  detennination  was  performed  similarly  to  the  [Ca2+]j 
imaging.  Neurones  were  loaded  with  Mag-fura  red-AM  (3  gM)  at 
37°C  for  15  min,  followed  by  a  5  min  hydrolysis  period.  Single-cell 
fluorescence  of  Mag-fura  red  was  ratio  imaged  by  alternating 
excitation  at  430  nm  and  490  nm,  and  emission  at  >  570  nm.  The 
affinity  constant  (Kj)  of  Mag-fura  red  was  determined  in  a  cuvette 
fluorimeter  (PTI  Deltascan,  New  Brunswick,  NJ,  USA)  and 
estimated  to  be  2.4  mM  (37°C;  pH  7.05).  Ratios  were  calibrated  in 
vitro  using  the  Grynkiewicz  equation  (Grynkiewicz  et  al.  1985)  with 
a  measured  viscosity  correction  (Poenie  1990).  Image  sequences 
(30  s/ratio  frame,  100  ms  exposure  time,  2x2  binning)  were 
acquired  by  the  CCD  camera.  The  sample  holder  and  the  perfusate 
(50  mL/h  flow  rate)  were  temperature  controlled  at  37°C  at  the  side 
of  the  recording.  The  composition  of  the  perfusate  was,  in  mM:  NaCl 
120,  KC1  3.5,  KH2P04  0.4,  HEPES  20,  NaHC03  5,  glucose  15, 
CaCl2  1.3,  MgCl2  1  (or  nominally  Mg2+-free,  where  indicated). 

IC50  determination  of  2-APB  and  La3+-mediated  inhibition  of 
DCD 

Cortical  neurones  were  plated  in  96-well  polystyrene  dishes  (Costar; 
Sigma,  St  Louis,  MO,  USA)  at  the  same  density  as  for  the  imaging 
experiments.  To  avoid  background  fluorescence  of  polystyrene,  the 
red  fluorescent  mag-fura  red  was  used  for  measuring  [Ca2+]i.  Cells 
were  loaded  with  the  AM  dye  (3  pM)  for  20  min,  followed  by  a 
5  min  hydrolysis  period.  Mag-fura-red  has  a  low  affinity  for  Ca2+ 
(K(|  =  70  pM;  measured  in  a  cuvette  fluorimeter,  37°C,  pH  7.05; 
PTI  Deltascan);  it  is  therefore  only  responsive  to  large  magnitude 
rises  in  Ca2+,  as  occur  during  DCD,  and  is  not  the  primary  response 
for  the  glutamate  stimulus.  Macroscopic,  cumulative  fluorescence  of 
Mag-fura  red  was  ratioed  with  a  plate  reader  fluorimeter  (Victor3; 
Perkin  Elmer,  Turku,  Finland)  using  excitation  filters  at  420- 
430  nm  and  490-500  nm  (Omega  Optical,  Brattleboro,  VT,  USA) 
and  emission  at  660  nm.  Fluorescence  background  of  each  well  was 
detennined  before  loading  cells  with  the  AM  dye.  Inhibition  of 
DCD  was  assayed  by  end  point  measurement  of  the  background- 
corrected  Mag-fura  red  ratio  increase  relative  to  the  baseline  after 
60  min  of  treatment  with  100  pM  glutamate  +  1 0  pM  glycine  in  the 
presence  of  14-300  pM  2-APB  or  0.4-200  pM  La,+  (eight  concen¬ 
trations  performed  in  triplicate).  Experiments  were  carried  out  in 
buffers  similar  to  those  used  in  the  imaging  experiments  but 


containing  44  mM  NaHC03,  and  cultures  were  kept  in  a  C02 
incubator  at  37°C  during  the  treatment. 

Materials 

2-APB,  LaCl3,  cyclosporin  A,  thapsigargin,  ryanodine,  caffeine, 
4-Br-A23187,  nifedipine,  cytosine-arabinofiiranoside,  MK-801  and 
CNQX  were  from  Sigma.  Fura-2  AM,  fura-6F  AM,  fura-FF  AM, 
mag-fura-red-AM  and  fura-6F5K+  salt  were  from  Molecular  Probes 
(Eugene,  OR,  USA).  Bongkrekic  acid  was  from  Calbiochem  (EMD 
Biosciences,  Inc.,  Dannstadt,  Germany).  Standard  laboratory  chem¬ 
icals  were  from  Sigma. 


Results 

DCD  is  abolished  by  2-APB  and  La,+ 

Cortical  neurones  exposed  to  100  pM  glutamate  +  10  pM 
glycine  exhibit  an  abrupt  increase  in  [Ca-+]i  attributed  to 
activation  of  ligand-gated  glutamate  receptors  (Fig.  la, 
100  s,  Table  1).  Although  glutamate  and  glycine  remain  in 
the  perfusate  throughout  the  experiment,  [Ca2+]j  plateaus  at  a 
level  lower  than  the  ligand-induced  peak,  due  to  desensiti¬ 
zation  of  the  NMDA  receptors  (Mayer  and  Westbrook  1985), 
as  well  as  inhibition  of  the  receptor  by  elevated  [Ca2+]j 
(Legendre  et  al.  1993).  After  >  5  min,  and  over  a  period  of 
60  min,  neurones  lose  the  ability  to  maintain  [Ca2+];  at  the 
newly  established  level  and  exhibit  asynchronous,  large  and 
abrupt  increases  in  fura-6F  fluorescence  ratio.  Fura-6F  has  a 
relatively  high  Kd  (2.47  pM)  for  Ca~+  and  it  measures  [Ca-+] 
reliably  in  the  range  of  0.5-50  pM  (Chinopoulos  et  al.  2003). 
Therefore,  the  dye  is  not  saturated  at  the  glutamate-induced 
Ca2+  spike,  a  phenomenon  observed  with  high-affinity 
calcium  indicators  (Stout  and  Reynolds  1999).  This  also 
‘unmasks’  the  magnitude  of  the  secondary  Ca“+  rise.  It  is 
apparent  that  the  majority  of  neurones  undergo  DCD,  with  a 
mean  onset  tmean  =  910±160s  after  application  of  the 
glutamate  stimulus  (Table  1).  While  there  is  strong  evidence 
that  DCD  is  due  to  plasmalemmal  Ca2+  influx  (see 
introduction),  the  extent  of  the  burden  that  it  imposes  on 
calcium  extrusion  (e.g.  plasma  membrane  Ca~+  ATPase)  and 
sequestering  mechanisms  (e.g.  mitochondrial  calcium 
uptake)  has  not  yet  been  clarified.  Therefore,  in  a  separate 
set  of  experiments,  [Ca2+]e  was  removed  from  the  perfusate 
by  switching  to  a  nominally  Ca~+-flee  medium  plus  25  pM 
EGTA  at  1500  s,  which  prevented  further  occurrence  of 
DCD  (Fig.  lb)  and  caused  a  decline  of  [Ca~+]j  in  cells  that 
were  already  deregulated.  The  slope  of  this  decline  was 
detennined  for  each  deregulated  cell  and  was  plotted  against 
the  time  elapsed  from  the  onset  of  DCD  to  the  time  of  [Ca“+]e 
washout  (Fig.  lc).  Linear  regression  analysis  of  this  plot 
showed  that  removal  of  [Ca2^]e  shortly  after  the  onset  of 
DCD  causes  a  rapid  decrease  in  [Ca2+];  but  that  subsequently, 
neurones  lose  the  ability  to  rapidly  restore  resting  [Ca2+]i. 
This  finding  raises  the  possibility  that  the  delayed  Ca2+  influx 
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Fig.  1  DCD  induced  by  glutamate  (100  |jm) 
plus  glycine  (10  pm)  in  cortical  neurones 
and  the  effect  of  2-APB  and  La3+.  a,  d,  e,  f: 
Fura-6F  ratio  fluorescence  of  [Ca2+],  upon 
exposure  to  glutamate  plus  glycine  in  the 
presence  and  absence  of  2-APB  (100  pm) 
or  LaCI3  (10  pm)  recorded  for  1  h.  Glutam¬ 
ate  plus  glycine  were  added  to  the  perfusion 
medium  at  100  s  and  were  present 
throughout  the  entire  experiment,  (a)  No 
inhibitor  present.  Traces  are  representative 
of  six  independent  experiments.  2-APB  (d) 
or  La3+  (e)  were  given  10  min  prior  to  glu¬ 
tamate  plus  glycine  exposure  and  were 
present  throughout  the  entire  experiment. 
Traces  are  representative  of  five  (d)  or 
three  (e)  independent  experiments,  (f) 
Effect  of  LaCI3  added  300  s  after  the  addi¬ 
tion  of  glutamate  plus  glycine  (representa¬ 
tive  of  three  independent  experiments),  (b) 
Percentage  of  cells  that  underwent  DCD 
upon  exposure  to  glutamate  plus  glycine 
(added  at  100  s)  versus  time.  Trace  (i)  was 
calculated  from  the  data  set  corresponding 
to  Table  1.  In  trace  (ii)  the  perfusion  was 
switched  to  Ca2+-free  medium  +  25  |im 
EGTA  containing  glutamate  plus  glycine  at 
1500  s.  (c)  Linear  regression  analysis  of 
slope  of  fura-6F  ratio  fluorescence  (1 0-3 
ratio  units/s)  versus  time  elapsed  from  DCD 
onset  until  removal  of  extracellular  calcium, 
in  s.  Data  pooled  from  three  independent 
experiments. 


elicits  a  sequence  of  events  that  gradually  incapacitate 
calcium  extrusion/sequestering  mechanisms. 

2-APB  (100  pM)  added  10  min  prior  to  exposure  to 
glutamate  led  to  a  dramatic  decrease  in  the  incidence  of  the 
secondary  [Ca2+];  rise  (Fig.  Id,  Table  1).  The  same  phenom¬ 
enon  was  observed  if  10-100  pM  LaCl3  was  applied,  but 
1  pM  LaCl3  was  ineffective  (Fig.  le,  Table  1).  In  an  effort  to 
determine  the  IC50  for  2-APB  and  La3+,  DCD  was  assayed 
by  measuring  the  cumulative  response  of  mag-fura  red  (used 
as  a  low  affinity  Ca2+  dye)  -loaded  cortical  neurones  cultured 
in  96-well  dishes.  Parallel  imaging  experiments  using  Mag- 
ffira  red  and  the  standard  DCD  protocol  (100  pM  glutamate  + 
10  pM  glycine  for  1  h)  were  performed  (not  shown).  Due  to 
the  low  affinity  (Kj  =  70  pM)  of  Mag-fura  red,  the  differ¬ 
ence  between  the  fluorescence  ratio  before,  and  60  min  after 
the  addition  of  glutamate  plus  glycine  reflects  the  fraction  of 
cells  that  underwent  DCD.  2-APB  (14-300  pM)  applied 
10  min  before,  and  La3+  (0.4-200  pM)  applied  together  with 
glutamate,  dose-dependently  diminished  the  ratio  increase 
evoked  by  the  glutamate  treatment.  IC50  of  2-APB  inhibition 


on  DCD  was  estimated  to  be  62  ±  9  pM  (n  =  4  plates), 
whereas  that  for  La3+  was  7.2  ±  3  pM  (n  =  3  plates). 

Although  LaCl3  blocks  voltage-dependent  Ca2+  channels 
(Nelson  et  al.  1984),  this  pathway  has  previously  been 
excluded  as  a  candidate  for  the  secondary  [Ca2+];  rise  (see 
introduction).  In  addition  to  inhibiting  DCD,  100  pM  2-APB 
and  10  pM  LaCl3  reduced  the  glutamate-induced  [Ca2+];  peak 
(Figs  Id  and  e.  Table  1)  and  accelerated  the  decay  to  a  newly 
established  [Ca2+]j  plateau.  The  latter  observation  is  similar 
to  that  of  Baba  and  colleagues  (Baba  et  al.  2003).  However, 
in  contrast  to  our  results  with  glutamate,  these  authors  did  not 
detect  an  inhibitory  effect  of  2-APB  or  La3+  on  the  peak 
amplitude  of  the  NMDA-induced  [Ca2+]j  transients.  This 
reflects  the  possibility  that  glutamate-induced  non-NMDAR 
[Ca2+]i  influx  encompasses  2-APB  and  La3+-sensitive  tar¬ 
gets.  Application  of  a  lower  concentration  (30  pM)  of  2-APB 
did  not  result  in  a  decrease  in  glutamate-induced  [Ca~+]; 
peak,  whereas  the  incidence  of  DCD  was  slightly 
decreased  with  an  increase  in  the  mean  onset  time  of  DCD 
(tmeanl  Table  1).  As  Baba  and  colleagues  demonstrated 
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Table  1  Characteristics  of  glutamate-induced  DCD  in  the  presence  and  absence  of  various  compounds 


n 

Total 

number 

of  cells 

DCD  % 

of  cells 

Onset  of  DCD 

tmean  (s) 

Baseline  [Ca], 
(fura-6F  ratio 
fluorescence) 

Glutamate  +  glycine 
induced  [Ca],  peak 
(fura-6F  ratio  at  100  s, 
absolute  value) 

Control 

6 

332 

84.5  ±  9.7 

910  ±  160 

0.31  ±  <  0.001 

0.397  ±  <  0.001 

2-APB  (100  hm) 

5 

490 

4.5  ±  1 .0*a 

917  ±  149  n  s 

0.30  ±  <  0.001 

0.354  ±  <  0.001*b 

2-APB  (30  pM) 

3 

189 

77.8  ±  4.8*a 

1366  ±  125*b 

0.30  ±  <  0.001 

0.398  ±  <  0.001  n  s 

MgCI2  (10  mM) 

5 

603 

8.2  ±  3.0*a 

894  ±  188  n  s 

0.31  ±  <  0.001 

0.370  ±  <  0.001  ns 

(pre-incubation) 

LaCI3  (1  Li  m  ) 

3 

155 

70.0  ±  6.9*a 

902  ±  155  n  s 

0.30  ±  <  0.001 

0.378  ±  <  0.001  n  s 

LaCI3  (1 0  |um) 

3 

168 

8.1  ±  1.2*a 

2480  ±  182*b 

0.30  ±  <  0.001 

0.357  ±  <  0.001*b 

LaCI3  (1 0  pM) 

3 

151 

9.8  ±  3.2*a 

1654  ±  1 1 1  *b 

0.30  ±  <  0.001 

0.399  ±  <  0.001  n  s 

(after  glutamate) 

LaCI3  (1 00  pM) 

3 

199 

2.02  ±  1 ,33*a 

2607  ±  188*b 

0.31  ±  <  0.001 

0.366  ±  <  0.001  n  s 

Ryanodine  (1  pM) 

3 

204 

28.4  ±  0.6*a 

1816  ±  173*b 

0.30  ±  <  0.001 

0.383  ±  <  0.001  n  s 

Caffeine  (10  mM) 

3 

248 

7.67  ±  1.7*a 

1450  ±  292*b 

0.30  ±  <  0.001 

0.368  ±  <  0.001  n  s 

SK&F  96365  (5  pM) 

3 

255 

88.9  ±  10.4  ns 

780  ±  169  n  s 

0.30  ±  <  0.001 

0.394  ±  <  0.001  n  s 

Cyclosporin  A  (1  pM) 

3 

198 

86.7  ±  12.8  ns 

885  ±  168  ns 

0.31  ±  <  0.001 

0.431  ±  0.008*b 

Bongkrekic  acid  (20  pM) 

3 

178 

89.5  ±  13.9  ns 

931  ±  174  n  s 

0.33  ±  <  0.001 

0.467  ±  0.009*b 

Thapsigargin  (1  pM) 

3 

158 

87.1  ±  9.8  n  s 

911  ±  160  n  s 

0.30  ±  <  0.001 

0.404  ±  <  0.001  n  s 

2-APB,  LaCI3,  ryanodine,  caffeine,  SK&F  96365,  cyclosporin  A,  bongkrekic  acid  and  thapsigargin  were  present  for  10-30  min  (as  described  in  the 
text)  prior  to  exposure  to  glutamate  plus  glycine  and  throughout  the  entire  duration  of  the  experiment.  MgCI2  was  present  only  for  30  min  prior  to 
exposure  to  glutamate  plus  glycine.  LaCI3,  where  indicated,  was  applied  300  s  after  perfusion  with  glutamate  plus  glycine  (LaCI3  10  pM  after 
glutamate),  n  =  number  of  independent  experiments.  Statistics:  Mann-Whitney  rank  sum  test. 

Significant  compared  to  control,  p  <  0.001 ,  bsignificant  compared  to  control,  p  <  0.005,  n.s:  not  significant  compared  to  control,  p  <  0.005. 


electrophysiologically  that  2-APB  and  La3+  do  not  inhibit  the 
NMDA  receptor,  our  results  are  not  attributable  to  a 
confounding  inhibitory  action  on  the  NMDA  receptor  itself. 
Nevertheless,  the  moderately  reduced  glutamate-induced 
[Ca2+]i  peak  and  the  accelerated  return  towards  baseline 
values  (Figs  Id  and  e,  Table  1)  may  contribute  to  the 
diminished  incidence  and  mean  onset  time  of  DCD  by  other 
means.  Therefore,  we  applied  the  compounds  300  s  after  the 
start  of  perfusion  with  glutamate.  It  is  apparent  from  Fig.  1(f) 
and  Table  1  that  application  of  LaCl3  (10  pM)  strongly 
inhibited  DCD  while  the  glutamate-induced  [Ca2+];  peak 
remained  unchanged.  The  protective  effect  of  2-APB  given 
after  glutamate  +  glycine  was,  however,  less  pronounced, 
diminishing  the  incidence  of  DCD  to  approximately  55% 
(not  shown). 

Mitochondrial  PTP  inhibitors  fail  to  ameliorate  DCD 

To  address  the  role  of  PTP  in  our  system,  cortical  neurones 
were  treated  with  cyclosporin  A  (1  pM)  for  30  min  prior  to 
exposure  to  glutamate;  the  inhibitor  was  also  present  in  the 
perfusate  for  the  entire  duration  of  the  experiment.  As  shown 
in  Fig.  2(a)  and  Table  1,  there  was  no  statistical  difference  in 
the  percentage  of  cells  undergoing  DCD,  or  in  the  mean  time 
of  onset  in  the  presence  or  absence  of  cyclosporin  A.  It  is 
noteworthy  that  DCD  is  an  event  usually  demonstrated  in  the 
absence  of  Mg2+  to  relieve  the  block  of  the  NMDA  receptor, 


and  it  has  been  shown  that  Mg2+  is  critical  for  conferring 
cyclosporin  A  sensitivity  of  the  permeability  transition  in  rat 
liver  mitochondria  (Andreyev  et  al.  1994).  In  an  effort  to 
increase  [Mg2+];,  neurones  were  pre-treated  with  10  mM 
MgCl2  for  30  min  prior  to  glutamate  exposure  without 
cyclosporin  A.  This  led  to  an  increase  in  the  baseline  [Mg2+]; 
from  0.65  ±  0.02  mM  to  1.15  ±  0.03  mM,  persisting  for  at 
least  1  h  irrespective  of  perfusing  with  a  MgCl2-free  buffer 
during  the  experiment.  This  regime  resulted  in  a  substantial 
reduction  in  the  incidence  of  DCD  without  affecting  the 
glutamate-induced  [Ca2+];  peak  (Table  1).  However,  the  exact 
mechanism  underlying  this  protective  effect  was  not  further 
investigated.  As  with  cyclosporin  A,  bongkrekic  acid  (20  pM) 
failed  to  decrease  the  incidence  or  the  onset  time  of  DCD, 
irrespective  of  whether  it  was  present  throughout  the  experi¬ 
ment  (Fig.  2b,  Table  1)  or  present  only  during  a  10  min  pre¬ 
incubation  period  (not  shown).  Notably,  application  of  either 
cyclosporin  A  or  bongkrekic  acid  led  to  a  statistically 
significant  increase  in  the  glutamate-induced  [Ca~+]j  peak 
(Figs  2a  and  2b,  respectively,  and  Table  1).  The  mechan¬ 
ism^)  for  this  peculiarity  was  not  further  investigated  here. 

Do  cortical  neurones  exhibit  store-operated  Ca2+  entry? 
We  first  investigated  ‘basal’  Ca~+  entry,  in  which  neurones 
were  deprived  of  extracellular  calcium  (‘Ca-free’  medium  in 
the  absence  of  Sarcoplasmic  Reticulum  Ca2+  ATPase  (SERCA) 
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Fig.  2  Lack  of  effect  of  cyclosporin  A  and  bongkrekic  acid  on  glutamate 
induced  DCD.  Fura-6F  ratio  fluorescence  of  [Ca2+],  of  cortical  neurones 
upon  exposure  to  glutamate  (100  |im)  plus  glycine  (10  pm)  is  shown  in 
the  presence  of  cyclosporin  A  (1  pm)  or  bongkrekic  acid  (20  pm)  recor¬ 
ded  for  1  h.  (a)  Cyclosporin  A  was  given  30  min  prior  to  glutamate  plus 
glycine  exposure,  and  was  present  throughout  the  entire  experiment. 
Traces  are  representative  of  three  independent  experiments,  (b)  Bon¬ 
gkrekic  acid  was  present  for  10  min  prior  to  glutamate  plus  glycine 
exposure,  as  well  as  throughout  the  entire  experiment.  Traces  are 
representative  of  three  independent  experiments. 

inhibitors,  containing  7.44  pM  free  Ca2+  measured  by  fura- 
6F  5K+  salt)  for  8-10  min,  followed  by  re-introduction  of  the 
cation  to  the  perfusing  medium.  Prior  to  this,  in  order  to 
demonstrate  that  the  intracellular  stores  do  contain  Ca  , 
neurones  were  perfused  with  either  Ca~+-free  medium 
(Fig.  3a,  trace  i),  Ca“+-free  medium  containing  EGTA 
(25  pM)(Fig.  3a,  trace  i),  Ca2+-ffee  medium  plus  thapsigargin 
(Tg;  1  pM)(Fig.  3a,  trace  iii),  or  Ca~+-free  medium  containing 
EGTA  plus  Tg  (Fig.  3a,  trace  iv).  [Ca2+]ER  was  estimated  from 
the  perinuclear  fluorescence  of  fura-FF  (Csordas  and 
Flajnoczky  2001)  under  resting  conditions  when  [Ca2+]j  is 
low.  Therefore,  the  low  affinity  Ca2+  dye  is  unresponsive  to 
changes  in  [Ca2+];,  but  responsive  to  alterations  in  [Ca2+]  in 
compartments  where  [Ca2+]  is  sufficiently  high,  such  as  the 


endoplasmic  reticulum  (ER).  High  magnification  imaging 
revealed  a  perinuclear  patchy  pattern  of  higher  ratios.  In  the 
presence  of  Tg  ±  EGTA,  the  fura-FF  ratio  dropped  quickly  (in 
2 — 400  s)  over  these  regions,  indicating  that  the  measured 
signal  (at  least  partially)  originates  from  the  ER.  In  contrast, 
perfusing  with  Ca-free  medium  did  not  cause  a  significant 
ratio  change,  but  when  EGTA  was  also  present,  a  small  and 
delayed  decrease  in  the  fura-FF  ratio  fluorescence  was 
observed.  To  address  the  degree  of  the  intracellular  stores 
depletion  upon  Tg  treatment,  neurones  were  challenged  with  a 
cocktail  consisting  of  4-Br  A23187  (10  pM),  monensin 
(10  pM),  nigericin  (10  pM)  and  gramicidin  (5  pM),  applied  at 
200  s  (trace  v),  or  at  700  s  (Fig.  3a,  trace  iv).  It  is  apparent  that 
10  min  of  perfusing  with  EGTA  +  Tg  depletes  Tg-sensitive 
intracellular  stores  (compare  trace  iv  with  trace  v  at  800- 
900  s).  To  examine  further  the  filling  status  of  the  intracellular 
stores,  [Ca“+]j  was  measured  using  fura-2  in  neurones  which 
were  perfused  with  Ca2+-free  medium  +  EGTA  ±  Tg  for 
various  time  intervals,  followed  by  addition  of  the  calcium 
ionophore  4-Br-A23187  (5  pM)  (Fig.  3b).  Under  this  condi¬ 
tion,  Ca2+  released  exclusively  from  intracellular  compart¬ 
ments  would  increase  fura-2  fluorescence.  Specifically, 
perfusion  with  Ca2+-free  medium  +  EGTA  led  to  a  moderately 
diminished  response  to  ionophore  added  at  400  s  (Fig.  3b, 
trace  iv)  compared  with  100  s  (Fig.  3b,  trace  ii)  (0.24  ±  0.03 
vs.  0.62  ±  0.03  slope  ratio/min,  significant,  Mann-Whitney 
rank  sum  test,  p  <  0.005,  0.58  ±  0.03  vs.  0.70  ±  0.01  peak 
fura-2  ratio,  significant,  Mann-Whitney  rank  sum  test, 
p  <  0.005).  When  the  perfusate  was  changed  from  Ca2+- 
containing  (1.3  him)  to  Ca2+-free  medium  +  EGTA  (<  100  nM 
[Ca2+]e)  without  any  pre-incubation  delay  (Fig.  3b,  trace  i),  the 
[Ca2+]i  transients  elicited  by  the  addition  of  ionophore  were  not 
different  from  those  observed  following  a  1 00  s  pre-incubation 
time  (Fig.  3b,  trace  ii).  Pre-treatment  of  the  cultures  with  Tg 
( 1  pM)  prior  to  the  addition  of  the  ionophore  failed  to  induce 
further  increase  in  [Ca2+]i  (Fig.  3b,  trace  iii,  100-400  s). 
Application  of  Tg  to  neurones  perfused  with  a  medium 
containing  1.3  mM  CaCE  also  failed  to  elevate  fura-2  fluor¬ 
escence  (not  shown).  Moreover,  the  presence  of  Tg  did  not 
alter  significantly  the  [Ca2+];  transients  caused  by  addition  of 
ionophore  when  cells  were  perfused  with  the  EGTA-contain- 
ing  medium  (Fig.  3b,  trace  iv  vs.  trace  iii,  not  significant).  The 
lack  of  effect  of  Tg  is  not  inconsistent  with  the  observation 
shown  in  Fig.  3a,  where  changes  in  the  [Ca~+]ER  were 
estimated.  4Br-A23187  releases  Ca2+  from  all  internal  stores. 
Although  the  rise  in  fura-2  ratio  elicited  by  the  ionophore  in  the 
absence  or  presence  of  Tg  pre-treatment  was  very  similar,  this 
could  be  explained  by  the  existence  of  a  relatively  large  Tg- 
insensitive  compared  with  Tg-sensitive  Ca~+  store.  Collec¬ 
tively,  these  observations  led  us  to  conclude  that  Tg-sensitive 
intracellular  stores  in  cultured  cortical  neurones  contain 
releasable,  sequestered  Ca~+.  Perfusing  the  cells  with  Ca~+- 
free  medium  does  not  lead  to  an  alteration  of  their  filling  state, 
while  chelating  extracellular  Ca2+  slightly  depletes  the  stores, 
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Fig.  3  (a)  Effect  of  removal  of  extracellular  Ca2+  on  neuronal  stores 
[Ca2+]ER  was  estimated  as  the  perinuclear  fluorescence  ratio  of  fura- 
FF.  Perfusion  of  neurones  with  Ca2+-free  medium  (trace  i),  Ca2+-free 
medium  containing  25  gM  EGTA  (trace  ii),  Ca2+-free  medium  plus  1  gM 
Tg  (trace  iii),  or  Ca2+-free  medium  containing  25  gM  EGTA  plus  1  gM 
Tg  (trace  iv),  Ca2+-free  medium  containing  25  gM  EGTA  plus  an  ion- 
ophore  cocktail  consisting  of  4-Br  A23187  (10  gM),  monensin  (10  gM), 
nigericin  (10  gM)  and  gramicidin  (5  gM)  (trace  v),  was  started  at  200  s 
as  indicated.  In  trace  (iv)  the  ionophore  cocktail  was  applied  at  700  s. 
Each  trace  represents  mean  ±  SEM  of  cells  from  three  independent 
experiments,  (b)  Neurones  were  perfused  with  Ca2+-containing  med¬ 
ium  for  100  s  (trace  i),  Ca2+-free  medium  +  EGTA  for  100  s  (trace  ii) 
and  400  s  (traces  iii  and  iv).  After  these  intervals,  5  gM  4-Br  A23187 
was  added  in  the  presence  of  EGTA.  In  trace  (iii),  Tg  (1  gM)  was  added 
to  the  perfusate  at  50  s.  When  1 .3  mM  CaCI2  was  present  throughout 
the  entire  duration  of  the  experiment,  fura-2  ratio  plateaued  at  about 
2.7  at  400  s  (omitted  from  the  graph).  Traces  are  representative  of 
three  independent  experiments,  (c)  Fura-2  ratio  fluorescence  of  [Ca2+], 
of  cortical  neurones  on  basal  Ca2+  entry.  Cortical  neurones  were 


incubated  in  Ca2+-free  medium  for  8-10  min  (including  the  initial  400  s 
recording  interval).  CaCI2  (2.6  mM)  was  re-introduced  to  the  perfusing 
medium  at  400  s.  -MgCI2  indicates  absence  of  extracellular  MgCI2.  + 
MgCI2  signifies  the  presence  of  1  mM  MgCI2  in  the  perfusate.  MgCI2 
pre  indicates  that  neurones  were  pre-exposed  to  10  mM  MgCl2  for 
30  min,  but  it  was  absent  from  the  perfusate.  Cocktail  consisted  of 
10  gM  MK-801,  10  gM  CNQX  and  1  gM  nifedipine.  The  decay  of 
[Ca2+],  after  the  peak  Ca2+  entry  was  quantified  by  the  half-time  ( t1/2  in 
s):  -MgCI2:  93  ±  11,  -MgCI2  +  cocktail:  92  ±  12,  +  MgCI2:  154  ±  40*, 
MgCI2  pre:  96  ±  12.  Traces  are  representative  of  three  independent 
experiments,  (d)  Basal  Ca2+  entry  as  measured  by  fura-2  ratio  fluor¬ 
escence  of  [Ca2+]i  in  the  presence  and  absence  of  Tg  (1  gM).  Cortical 
neurones  were  incubated  in  the  absence  of  extracellular  Ca2+  ±  Tg  for 
8-10  min,  in  the  presence  and  absence  of  EGTA.  CaCI2  (2.6  mM)  was 
re-introduced  to  the  perfusing  medium  at  400  s.  t1/2.  -MgCI2  +  Tg: 
134  ±  25*.  t1/2.  -MgCI2  +  EGTA  +  Tg:  145  ±  13*,  t1/2.  -MgCI2  +  EGTA: 
84  ±  6*.  Traces  are  representative  of  four  independent  experi¬ 
ments.  One-way  anova,  Tukey’s  post  hoc  analysis;  ’significant, 
compared  to  -MgCI2,  p  <  0.05. 


and  a  complete  depletion  can  be  achieved  by  inhibiting  Ca2+ 
uptake  through  the  SERCA  pump. 

Subsequently,  basal  Ca2+  entry  was  assessed  by 
perfusing  neurones  with  Ca2+-free  medium,  followed  by 
re-introduction  of  [Ca2+]e.  It  is  apparent  from  Fig.  3(c)  that 
re-introduction  of  Ca2+  to  the  medium  induces  a  small 
increase  in  [Ca~+];  in  the  presence  of  1  mM  extracellular 
Mg  +,  and  a  slow  return  towards  basal  [Ca~+]j  levels.  DCD 
experiments  were  performed  in  the  absence  of  Mg  +  in  order 
to  relieve  the  block  of  the  NMDA  receptor,  otherwise  the 


initial  glutamate-induced  [Ca2+]j  peak  is  severely  blunted  and 
DCD  does  not  manifest  itself.  Therefore,  basal  Ca2+  entry 
was  also  investigated  in  the  absence  of  extracellular  Mg  +. 
As  shown  in  Fig.  3(c),  the  lack  of  Mg2+  in  the  medium  led  to 
a  more  robust  increase  in  fura-2  ratio  upon  re-addition  of 
Ca2+.  Flowever,  omission  of  extracellular  Mg2+  may  sensitize 
the  NMDA  receptor  to  activation.  In  addition,  non-NMDARs 
and  VDCCs,  in  a  concerted  action,  could  contribute  to  this 
Ca2+  influx  related  to  the  status  of  the  plasma  membrane 
potential,  possibly  affected  by  omission/re-introduction  of 
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extracellular  Ca2+.  Inclusion  of  a  cocktail  comprising  the 
NMDA  inhibitor  MK-801  (10  |xm),  the  AMPA/kainate 
inhibitor  CNQX  (10  (jm)  and  the  VDCC  blocker  nifedipine 
(1  |im)  caused  a  reduction  of  the  basal  Ca2+  entry  observed  in 
the  absence  of  Mg~+  (Fig.  3c).  However,  the  peak  of  the 
[Ca~+];  increase  was  still  higher  than  when  extracellular 
Mg2+  was  present  (fi.ira-2  ratio  =  0.21  ±  0.05  relative  to 
baseline  vs.  0.07  ±  0.01  in  the  presence  of  MgCl2).  These 
observations  indicate  that  there  is  a  basal  Ca2+  entry  in 
cultured  cortical  neurones  that  is  unmasked  in  the  absence  of 
extracellular  Mg“+,  which  is  influenced  by,  but  not  due  to 
ligand  and/or  voltage-gated  Ca2+  channels. 

In  order  to  investigate  the  spatial  role  of  Mg2+  in  the 
alleviation  of  basal  Ca2+  entry,  neurones  were  incubated  in 
the  presence  of  10  mM  MgCl2  for  30  min.  This  treatment 
caused  a  rise  in  [Mg~+]t,  from  0.65  ±  0.02  mM  to 
1.15  ±  0.03  mM,  that  persisted  for  at  least  1  h  even  when 
the  extracellular  medium  was  subsequently  switched  to  the 
MgCl2-free  perfusate.  Pre-treatment  of  the  cells  in  the 
absence  of  [Mg  +]e  (for  30  min)  did  not  cause  a  significant 
drop  in  [Mg~+];  (not  shown).  These  neurones  did  not  exhibit 
a  significantly  different  peak  amplitude  of  basal  Ca2+  entry 
(0.33  ±  0.03  vs.  0.31  ±  0.03  in  the  presence  of  MgCl2,  one¬ 
way  anova  Tukey’s  post  hoc  analysis). 

Next,  we  investigated  whether  abolition  of  Ca2+  uptake  by 
the  SERCA  pump  using  Tg  (1  |im)  results  in  capacitative 
calcium  entry  (CCE).  Neurones  were  perfused  with  Ca“+-free 
medium  ±  EGTA  (25  pM)  for  5-8  min,  followed  by  addition 
of  Tg,  which  failed  to  induce  any  change  in  [Ca2+]j  (Fig.  3d, 
1 00 — 400  s).  Re-introduction  of  extracellular  Ca2+  caused  a 
decreased  Ca“+  entry  compared  with  that  observed  in  the 
absence  of  Tg,  whether  neurones  were  perfused  with 
Ca~+-ffee  medium  (fiira-2  ratio  =  0.11  ±  0.02  relative  to 
baseline  vs.  0.31  ±0.03  in  the  absence  of  Tg)  or  with 
Ca2+-ffee  medium  ±  EGTA  (fura-2  ratio  =  0.19  ±  0.01 
relative  to  baseline  vs.  0.36  ±  0.01  in  the  absence  of  Tg). 
This  counterintuitive  response  contrasting  the  ‘authentic’ 
capacitative  Ca“+  entry  described  for  non-excitable  as  well  as 
several  excitable  cell  models  (Elliott  2001;  Putney  2003)  is 
inconsistent  with  the  possibility  that  in  cortical  neurones, 
depletion  of  Tg-sensitive  Ca2+  stores  activates  Ca2+-per- 
meable  non-voltage-gated  cation  channels  located  in  the 
plasma  membrane  that  mediate  SOCE  in  other  cell  types.  In 
support  of  this,  the  presence  of  a  Ca“+  entry  pathway  in 
sympathetic,  sensory  and  hippocampal  neurones,  distinct 
from  voltage-dependent  Ca2+  channels,  was  demonstrated 
and  regulated  by  ryanodine-sensitive  Ca~+  stores  (Friel  and 
Tsien  1992).  Therefore,  we  examined  the  effect  of  ryanodine 
receptor  agonists  on  Ca2+  entry. 

Ryanodine  receptor  activation  does  not  potentiate  basal 
Ca2+  entry 

Cortical  neurones  were  perfused  with  Ca2+-free  medium  for 
5  min,  followed  by  addition  of  ryanodine  (1  |.lm)  (Fig.  4a, 


Fig.  4  Fura-2  ratio  fluorescence  of  [Ca2+],  of  cortical  neurones  on 
Ca2+  entry  in  the  presence  of  ryanodine  1  pM  (a)  or  caffeine  10  itim  (b). 
Cortical  neurones  were  incubated  in  Ca2+-free  medium  for  8-10  min 
(including  the  initial  400  s  recording  interval).  CaCI2  (2.6  mM)  was 
re-introduced  to  the  perfusing  medium  at  400  s.  -MgCI2  signifies 
absence  of  extracellular  MgCI2.  +  MgCI2  signifies  presence  of  1  mM 
MgCI2  in  the  perfusate.  Rya:  ryanodine.  t1/2.  -MgCI2  +  Rya:  64  ±  4*, 
h/2-  -MgCI2  +  Rya  +  cocktail:  57  ±  13*.  +  caffeine:  94  ±  10.  Graphs 
are  representative  of  three  independent  experiments.  One-way  anova, 
Tukey’s  post  hoc  analysis;  'significant,  compared  to  Fig.  3(c)  -MgCI2, 
p  <  0.05. 

100-400  s)  or  caffeine  (10  him)  (Fig.  4b,  100-400  s). 
Ryanodine  or  caffeine  alone  did  not  result  in  a  measurable 
increase  in  [Ca2+]j.  In  addition,  application  of  caffeine  caused 
a  minor  decrease  in  baseline  Fura  2  fluorescence.  Ryanodine 
failed  to  potentiate  basal  Ca2+  entry,  though  it  led  to  a  slightly 
accelerated  decay  of  [Ca2+]j  towards  baseline  values 
(Fig.  4a).  The  Ca2+  influx  was  strongly  alleviated  by 
extracellular  Mg“+  and  moderately  decreased  by  concomitant 
inhibition  of  NMDARs/non-NMDARs/VDCCs  by  the  cock¬ 
tail  (Fig.  4a).  Likewise,  caffeine  did  not  lead  to  augmentation 
of  basal  Ca2+  entry  and  its  effect  on  hastening  [Ca2+]j  decay 
was  not  significant.  These  results  do  not  support  SOCE 
regulation  by  ryanodine-sensitive  stores  in  cortical  neurones. 
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Fig.  5  Fura-6F  ratio  fluorescence  of  [Ca2+]j  of  cortical  neurones  upon 
exposure  to  glutamate  (100  pm)  plus  glycine  (10  pm)  in  the  presence  of 
1  glut  ryanodine  (a)  or  10  itim  caffeine  (b)  recorded  for  1  h.  Ryanodine/ 
caffeine  was  present  for  10  min  prior  to  glutamate  plus  glycine  expo¬ 
sure,  as  well  as  throughout  the  entire  experiment.  Traces  are  repre¬ 
sentative  of  three  independent  experiments. 


Ryanodine  and  caffeine  but  not  thapsigargin  inhibit 
DCD 

Neurones  were  incubated  with  ryanodine  (1  gM)  or  caffeine 
(10  him)  for  10  min  prior  to  exposure  to  glutamate;  the 
compounds  remained  present  in  the  perfusate  for  the  entire 
duration  of  the  experiments  (Fig.  5).  Exposure  to  glutamate 
caused  an  abrupt  elevation  in  [Ca"+]j  level  (Figs  5a  and  b, 
100  s)  followed  by  a  return  to  a  newly  established  plateau. 
Activation  of  RyR  resulted  in  a  significant  decrease  in  the 
percentage  of  the  number  of  cells  undergoing  DCD 
(Table  1).  Application  of  Tg  did  not  increase  mean  onset 
time  or  incidence  of  DCD  (Table  1).  Further  information 
concerning  the  pharmacological  profile  of  the  mechanism 
underlying  both  events  was  obtained  by  2-APB  and  La3+. 

2-APB  and  La3+  modulate  basal  Ca2+  entry 
Neurones  were  perfused  with  Ca2+-free  medium  for 
8-10  min,  followed  by  re-introduction  of  the  cation  to  the 


Fig.  6  Fura-2  ratio  fluorescence  of  [Ca2+]i  of  cortical  neurones  on 
basal  Ca2+  entry.  Cortical  neurones  were  incubated  in  Ca2+-free 
medium  for  8-10  min  (including  the  initial  400  s  recording  interval). 
CaCI2  (2.6  mM)  was  re-introduced  to  the  perfusing  medium  at  400  s. 
All  curves  were  recorded  in  the  absence  of  extracellular  MgCI2.  2-APB 
(100  jtm)  or  LaCI3  (10  pm)  were  present  for  the  entire  duration  of  the 
experiments.  +  LaCI3:  78  ±  16*,  +  2-APB:  >  600  s*.  Trace  is 
representative  of  three  independent  experiments.  One-way  anova, 
Tukey’s  post  hoc  analysis;  'significant,  compared  to  Fig.  3(c)  -MgCI2, 
p  <  0.05. 


perfusing  medium.  2-APB  (100  gM)  or  LaCl3  (10  gM)  was 
present  for  the  entire  duration  of  the  experiment  (Fig.  6).  It  is 
evident  that  2-APB  diminished  the  peak  Ca2+  influx  by  about 
50%,  while  La3+  did  not  affect  peak  amplitude  but  caused  an 
accelerated  return  towards  baseline  [Ca~+];.  An  inhibition  of 
basal  calcium  entry  by  2-APB  in  platelets  was  previously 
reported  (Dobrydneva  and  Blackmore  2001). 

Discussion 

In  the  present  study  we  demonstrated  that  the  delayed  Ca2+ 
deregulation  induced  by  glutamate  is  diminished  by  2-APB 
and  La3+  in  cultured  cortical  neurones.  These  agents  are 
known  to  inhibit  TRP  and  SOC  channels.  We  did  not  find 
evidence  for  a  thapsigargin  or  ryanodine-sensitive  SOCE  in 
these  neurones.  Furthermore,  application  of  thapsigargin 
failed  to  aggravate  mean  onset  time  or  the  incidence  of  DCD 
(Table  1).  In  addition,  activation  of  the  RyR  mitigated  DCD. 

Our  results,  excluding  other  obvious  possibilities,  could  be 
consistent  with  the  role  of  TRP  channels  operating  in  a 
manner  independent  of  intracellular  Ca~+  stores  in  inducing 
DCD.  This  notion  is  also  supported  by  our  observation  that 
low  concentration  of  2-APB  (30  gM)  did  not  prevent  DCD, 
arguing  against  the  involvement  of  SOCE  since  at  this 
concentration,  the  compound  is  a  rapid  and  effective  inhibitor 
of  SOC  channels  (Dobrydneva  and  Blackmore  2001). 

One  of  the  proposed  mechanisms  of  activation  of  SOC 
channels  involves  conformational  coupling  to  the  IP3  recep¬ 
tor  (Putney  et  al.  2001),  and  2-APB  was  originally  reported 
to  block  IP3  receptors  (Maruyama  et  al.  1 997).  However, 
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more  recent  studies  have  led  to  the  consensus  that  the 
effect  of  this  compound  is  due  to  a  direct  inhibition  of 
SOC  channels  or  proteins  that  mediate  their  activation 
(Dobrydneva  and  Blackmore  2001;  Ma  et  al.  2002),  rather 
than  that  of  the  IP3  receptor  itself  (Bootman  et  al.  2002). 
SK&F  96365,  an  alternative  SOC  blocker  (Merritt  et  al. 
1990),  did  not  prevent  or  delay  DCD  (Table  1). 

The  pharmacological  promiscuity  of  2-APB  extends  to 
many  other  targets,  including  the  SERCA  pump  (at  very  high 
concentrations)  (Bilmen  et  al.  2002),  voltage-dependent  K+ 
channels  (Wang  et  al.  2002),  gap  junctions  (Harks  et  al. 
2003)  and  the  mitochondrial  permeability  transition  pore 
(PTP)  (Chinopoulos  et  al.  2003).  Several  lines  of  evidence 
prompted  us  to  investigate  the  role  of  the  PTP  as  a  possible 
event  upstream  of  the  secondary  Ca~+  rise:  (i)  application  of 
the  PTP  inhibitor,  cyclosporin  A,  or  its  non-immunosup- 
pressant  analogue,  A-methyl-valine-4-cyclosporin,  prevents 
the  delayed  Ca2+  rise  in  striatal  (Alano  et  al.  2002)  and 
hippocampal  neurones  (Vergun  et  al.  1999),  but  not  in 
cerebellar  granule  cells  (Castilho  et  al.  1998);  (ii)  2-APB 
(and  bongkrekic  acid)  inhibits  high  Ca2+-induced  PTP  in 
isolated  brain  mitochondria  (Chinopoulos  et  al.  2003);  (iii) 
inhibition  of  the  mitochondrial  ANT  with  bongkrekic  acid 
prevents  NMDA  receptor-mediated  apoptosis  of  cerebrocor- 
tical  neurones  (Budd  et  al.  2000);  (iv)  a  prerequisite  for  PTP 
induction  is  mitochondrial  Ca“+  uptake  (Zoratti  and  Szabo 
1995)  and  DCD  is  eliminated  when  mitochondrial  membrane 
potential  is  collapsed  in  the  presence  of  the  respiratory 
inhibitor,  rotenone,  plus  the  mitochondrial  ATPase  inhibitor, 
oligomycin  (Nicholls  and  Budd  1998).  Our  results  do  not 
favour  the  involvement  of  PTP  upstream  of  the  occurrence 
of  DCD,  since  neither  cyclosporin  A  nor  bongkrekic 
acid  prevented  or  delayed  DCD  onset  (Fig.  2,  Table  1). 
Unfortunately,  we  were  unable  to  obtain  A-methyl-valine-4- 
cyclosporin,  previously  shown  to  inhibit  PTP  more  effect¬ 
ively  than  cyclosporin  A  in  mitochondria  from  nervous  tissue 
(Khaspekov  et  al.  1999).  In  addition,  brain  mitochondria 
exhibit  diminished  sensitivity  to  inhibition  of  PTP  by 
cyclosporin  A  in  the  presence  of  physiological  concentra¬ 
tions  of  adenine  nucleotides  and  Mg2+  but  are  responsive  to 
bongkrekic  acid  (Chinopoulos  et  al.  2003). 

In  view  of  the  fact  that  DCD  is  abolished  by  pharmaco¬ 
logical  inhibitors  of  TRP  and  SOC  channels,  the  question 
arises  as  to  whether  DCD  is  a  SOCE  event.  Relevant  to  this, 
it  was  previously  reported  that  Ca2+  entering  through  either 
voltage-  or  receptor-operated  channels  provides  a  trigger 
to  stimulate  Ca~+  release  from  neuronal  internal  stores 
(Lipscombe  et  al.  1988).  However,  SOCE  has  not  been 
demonstrated  in  every  type  of  excitable  cells  originating  from 
nervous  tissue  (Putney  2003).  Our  findings  led  us  to 
conclude  that  cortical  neurones  do  not  exhibit  authentic 
capacitative  Ca~+  entry  for  the  following  reasons:  (i)  appli¬ 
cation  of  thapsigargin  prior  to  and  during  re-introduction  of 
CaCE  to  the  perfusing  medium  failed  to  potentiate  the  rise  of 


fura-2  ratio  compared  with  the  absence  of  the  SERCA 
inhibitor  and,  counter-intuitively,  thapsigargin  decreased 
Ca2+  influx  (Fig.  3d).  As  a  proof-of-protocol,  astrocytes 
and  endothelial  cells  subject  to  identical  conditions  exhibited 
robust  CCE  (not  shown).  However,  neurones  treated  with 
thapsigargin  in  a  Ca~+-free  medium  in  the  absence  or 
presence  of  EGTA  exhibited  reduction  of  [Ca2+]ER  and 
depletion  of  intracellular  Ca2+  stores,  respectively  (Fig.  3a); 
(ii)  neither  ryanodine  nor  caffeine  application  prior  to  and 
during  re-introduction  of  CaCl2  to  the  perfusing  medium  led 
to  SOCE,  as  compared  with  the  absence  of  these  agents 
(Fig.  4);  (iii)  cortical  neurones  exhibit  ‘basal  Ca2+  entry’ 
(Figs  3c  and  d)  even  when  thapsigargin-sensitive  intracellu¬ 
lar  stores  are  not  emptied  (Fig.  3a,  top  curve).  This  latter 
mode  of  Ca“+  entry  merits  further  investigation. 

Concerning  the  unexpected  observations  on  the  effects  of 
ryanodine/caffeine  on  DCD,  we  cannot  prove  (or  disprove) 
that  in  the  presence  of  ryanodine  there  is  a  common  mechanism 
underlying  the  amelioration  of  DCD  and  the  moderate 
acceleration  of  decay  of  the  [Ca"+];  to  the  baseline  seen  in 
Fig.  4(a).  Caffeine  has  been  reported  to  inhibit  the  IP3  receptor 
(Ehrlich  et  al.  1994).  Indeed,  it  inhibited  DHPG-induced 
[Ca2+]i  transients  (not  shown),  which  caused  liberation  of  Ca2+ 
from  intracellular  stores  mediated  by  the  IP  3  receptor  subse¬ 
quent  to  activation  of  the  mGluRl  (Nakamura  et  al.  2000)  and 
therefore,  a  possible  effect  of  caffeine  on  the  IP3R  cannot  be 
excluded.  Although  xestospongin  C  has  been  reported  to 
inhibit  the  IP3R  (Gafni  et  al.  1997),  it  failed  to  abolish  DCD  or 
DHPG-induced  [Ca2+];  transients  (10  |_im  xestospongin  C,  not 
shown).  Inhibition  of  the  SERCA  pump  by  thapsigargin  did 
not  alter  DCD  incidence  or  mean  onset  time  (Table  1).  It  is, 
however,  possible  that  potentiation  of  DCD  by  thapsigargin 
was  not  detected  under  the  conditions  used  in  our  experiments 
because  over  85%  of  the  cells  underwent  DCD  in  the  absence 
of  this  modulator  of  intracellular  Ca2+  stores. 

Diverse  pathological  conditions  of  the  central  nervous 
system  converge  to  excitotoxicity,  a  process  characterized  by 
excessive  synaptic  release  of  glutamate,  which,  in  turn, 
activates  post-synaptic  glutamate  receptors  (Sattler  and 
Tymianski  2001).  As  a  consequence  of  the  latter,  severe 
neuronal  Ca2+  and  Na+  loading  occurs  (Choi  1987),  culmin¬ 
ating  in  cell  death  (Arundine  and  Tymianski  2003).  Events 
comparable  with  delayed  calcium  deregulation  occur  in  vivo 
under  pathological  conditions  (Silver  and  Erecinska  1992; 
Rothman  and  Olney  1995)  and  thus,  investigation  of  DCD 
in  vitro  provides  a  model  to  study  the  events  downstream  to 
glutamate  receptor  activation.  Although  a  profound  increase 
in  [Ca~+]i  unequivocally  triggers  early  neurodegeneration 
(Tymianski  et  al.  1993  c),  the  exact  mechanism(s)  responsible 
for  the  loss  of  [Ca2+];  homeostasis  remain  obscure  (Choi 
1995).  A  large  body  of  evidence  (see  introduction)  supports 
the  notion  that  the  secondary  rise  is  due  to  a  Ca2+  influx 
pathway,  supported  by  the  discovery  of  a  non-selective 
cation  current  appearing  subsequent  to  NMDA  application. 
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termed  post-exposure  current  (/pe)  (Chen  et  al.  1997).  In 
addition,  it  was  recently  demonstrated  that  anoxic  neuronal 
death,  which  is  linked  to  excitotoxicity  (Goldberg  et  al. 
1987;  Goldberg  and  Choi  1993),  is  mediated  through 
activation  of  TRPM7  (Aarts  et  al.  2003). 

TRP  channels  emerge  as  obvious  candidates  for  DCD  on 
the  basis  of  their  intense  expression  in  the  central  nervous 
system  (Montell  et  al.  2002)  and  their  high  Ca2+  conduct¬ 
ance  (Zitt  et  al.  2002).  Inexorably,  the  large  number  of  TRP 
family  members,  together  with  their  combinatorial 
co-assembling  tendency  and  the  lack  of  individually  specific 
inhibitors,  contributes  to  an  inability  to  pinpoint  the  culprit 
channel  in  the  present  study.  However,  some  of  our  results, 
together  with  the  recent  literature  (Aarts  et  al.  2003),  imply 
that  DCD  may  be  due  to  activation  of  TRPM7  (also  known 
as  LTRPC7/MIC/MagNuM)  (Nadler  et  al.  2001;  Clapham 
2002).  TRPM7  operates  independently  of  store  depletion 
(Prakriya  and  Lewis  2002b),  is  inhibited  by  2-APB  (Prakriya 
and  Lewis  2002a)  and  La3+  (Runnels  et  al.  2001),  is 
expressed  in  the  mammalian  brain  (Runnels  et  al.  2001) 
and  receives  strong  negative  feedback  by  intracellular  Mg“+ 
(Nadler  et  al.  2001).  We  could  not  achieve  silencing  of 
TRPM7  expression  in  cultured  cortical  neurones  with  RNA 
interference  technology  (tested  by  immunocytochemical 
detection  on  the  cultures  using  a  polyclonal  antibody  against 
TRPM7,  not  shown)  based  on  the  mouse  sequence  homo- 
logue  (accession  number:  AY032951,  GeneBank);  unfortu¬ 
nately,  the  rat  homologue  sequence  is  not  yet  available. 

The  inability  of  La3+  to  inhibit  peak  basal  Ca2+  influx  does 
not  necessarily  rule  out  the  involvement  of  TRP  channels  in 
this  effect,  because  at  least  two  members  of  the  TRP  family 
(TRPC4  and  5)  exhibit  potentiation  of  their  current  by 
micro  molar  levels  of  La  ,  while  other  members  are  inhibited 
(Clapham  et  al.  2003).  Given  the  complex  combinatorial 
co-assembly  of  individual  TRP  channels  within  the  same  cell 
(Hofmann  et  al.  2002;  Strubing  et  al.  2003),  the  effect  of 
La3+  might  reflect  the  combined  result  of  two  effects.  In 
addition,  the  same  TRP  channel  (hTRPC3)  exhibits  a  cell- 
type-specific  mode  of  activation  and  response  to  pharmaco¬ 
logical  inhibition  (Trebak  et  al.  2002). 

The  potential  identification  of  a  novel  molecular  target 
amenable  to  pharmacological  manipulation  greatly  expands 
the  prospects  for  treating  acute  and  chronic  neurological 
disorders  associated  with  excitotoxicity  (Montell  2001; 
Wissenbach  et  al.  2004).  This  approach  avoids  excitatory 
neurotransmission  blockade  and  therefore,  lacks  the  serious 
drawbacks  of  glutamate  receptor  antagonists  that  contributed 
to  the  failure  of  clinical  trials  concerning  stroke  treatment 
(Ikonomidou  and  Turski  2002;  Muir  and  Lees  2003).  A  more 
challenging  field  will  be  to  understand  why  cortical  neurones 
express  Ca2+-permeable,  non-selective  cation  channels  while 
they  are  so  well  equipped  with  VDCCs  and  ligand-gated 
cation  receptors. 
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Abstract 

The  importance  of  calcium  overload,  mitochondrial  dysfunc¬ 
tion,  and  free  radical  generation  to  neuropathological  pro¬ 
cesses  has  been  recognized  for  many  years.  Only  more 
recently  has  evidence  accumulated  that  the  programmed  cell 
death  process  of  apoptosis  plays  an  integral  role  not  only  in 
the  development  of  the  nervous  system,  but  in  the  loss  of  cells 
following  acute  neurological  insults  and  chronic  disease.  In 
1996  came  the  landmark  discovery  that  cytochrome  c,  an 
evolutionary  old  and  essential  component  of  the  respiratory 
chain,  has  a  second  and  deadly  function  when  it  escapes  the 
mitochondrion:  triggering  the  cell  death  cascade.  A  flurry  of 
activity  has  since  ensued  in  an  effort  to  understand  the 


mechanistic  events  associated  with  mitochondrial  permeabi- 
lization  during  apoptosis  and  regulation  by  an  enigmatic  family 
of  proteins  characterized  by  homology  to  the  proto-oncogene 
Bcl-2.  This  review  discusses  the  evidence  for  various  release 
mechanisms  of  apoptotic  proteins  (e.g.  cytochrome  c)  from 
neural  cell  mitochondria,  focusing  particularly  on  roles  for 
calcium,  Bax,  p53,  and  oxidative  stress.  The  need  for  new 
drugs  that  act  at  the  level  of  the  mitochondrion  to  prevent 
apoptosis  is  also  highlighted. 

Keywords:  Bax,  Bcl-2,  cytochrome  c,  membrane  permeab¬ 
ility  transition,  oxidative  stress,  p53. 
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Death  pathways  in  neurodevelopment  and 
degeneration 

The  significance  of  cytochrome  c  to  the  apoptotic  process 
was  revealed  by  the  finding  that  mitochondrially  released 
cytochrome  c  combines  with  apoptosis  protease  activating 
factor-1  (Apaf-1),  procaspase-9,  and  dATP  in  the  cytosol, 
producing  active  caspase-9  (Zou  et  al.  1997;  Li  et  al.  1998). 
The  activation  of  this  initiator  caspase  then  leads  to  the 
proteolytic  activation  of  caspase-3,  the  primary  effector 
caspase  of  the  cell  (Fig.  1).  This  pathway  is  referred  to  as  the 
mitochondrial  pathway  or  ‘intrinsic  pathway’  of  caspase 
activation,  and  often  involves  the  release  of  additional 
mitochondrial  proteins  such  as  second  mitochondrial-derived 
activator  of  caspase/direct  IAP-associated  binding  protein 
with  low  PI  (Smac/DIABLO)  and  HtrA2/Omi,  which 
antagonize  inhibitor  of  apoptosis  (IAP)  proteins,  and  apop¬ 
tosis  inducing  factor  (AIF)  and  Endonuclease  G  (EndoG), 
which  contribute  to  DNA  fragmentation.  A  second,  ‘extrin¬ 
sic’  pathway  of  caspase  activation  exists  where  the  binding 
of  a  death  ligand  such  as  Fas  to  its  death  receptor  triggers 
auto-processing  of  caspase-8  to  its  active  fonn,  which 
then  directly  activates  caspase-3  (Muzio  et  al.  1996).  The 


pro-apoptotic  Bcl-2  family  protein  Bid  bridges  the  two 
pathways  by  translocating  to  mitochondria  and  releasing 
cytochrome  c  after  truncation  by  caspase-8  (Fig.  2)  (Li  et  al. 
1998;  Luo  et  al.  1998).  The  intrinsic  pathway  of  cell  death 
appears  to  be  the  primary  mode  of  cell  elimination  during 
synaptic  development  (Chang  et  al.  2002)  while  both 
pathways  can  be  recruited  in  neurodestructive  processes, 
e.g.  ischemic  brain  injury. 
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Fig.  1  Intrinsic  pathway  of  caspase  activation.  Cytochrome  c  (C)  re¬ 
leased  from  mitochondria  combines  with  apoptosis  protease  activating 
factor-1  (Apaf-1)  and  procaspase-9  (ProCasp9)  in  the  cytosol  to  pro¬ 
duce  active  caspase-9  (Casp9).  Caspase-9  cleaves  procaspase-3  to 
activate  caspase-3  (Casp3)  and  initiates  apoptosis.  The  release  of 
Smac  (Second  Mitochondria-derived  Activator  of  Caspase)/DIABLO 
(direct  lAP-associated  binding  protein  with  Low  PI)  from  mitochondria 
relieves  caspase-inhibition  by  inhibitor  of  apoptosis  proteins  (IAP), 
allowing  caspase  activation  by  cytochrome  c. 


Plasma 

Membrane  Mitochondrion 


Fig.  2  Recruitment  of  the  intrinsic  mitochondrial  apoptotic  pathway 
following  death  receptor  ligation  by  caspase-8  cleaved  Bid.  In  the 
death  receptor  pathway  (i.e.  Fas),  Fas  ligand  (Fas-L)  binding  to  Fas 
receptor  (Fas-R)  activates  caspase-8  (Casp8).  In  some  cell  types 
(Type  I  cells),  caspase-8  activation  is  sufficient  to  cleave  procaspase-3 
(ProCasp3)  to  active  caspase-3  (Casp3)  and  induce  apoptosis  (path 
a).  However  many  cell  types  (Type  II  cells)  require  amplification  of  the 
caspase  cascade  by  cytochrome  c  (C)  release  initiated  by  caspase- 
cleaved  Bid  (path  b).  Caspase-3  is  proteolytically  activated  by  the 
initiator  caspase-9  (Casp9). 


In  addition  to  the  well-characterized  caspase-mediated 
intrinsic  and  extrinsic  apoptotic  pathways,  mitochondrial  AIF 
release  mediates  a  caspase-independent  cell  death  cascade 
that  is  also  important  in  neurons.  AIF  translocation  from 
mitochondria  to  the  nucleus  has  been  observed  in  photore¬ 
ceptors  following  retinal  detachment  (Hisatomi  et  al.  2001), 
in  rat  cortex  and  hippocampus  following  traumatic  brain 
injury  (Zhang  et  al.  2002),  in  neonatal  rat  brain  following 
hypoxia-ischemia  (Zhu  et  al.  2003),  in  rat  hippocampal  CA1 
neurons  following  transient  global  ischemia  (Cao  et  al. 
2003),  in  cortical  neurons  following  N-methyl-D-aspartate 
(NMDA)  treatment  (Yu  et  al.  2002),  peroxynitrite  treatment 
(Zhang  et  al.  2002),  or  oxygen/glucose  deprivation  (Cao 
et  al.  2003),  and  in  primary  neuronal  and  microglial  cells 
following  exposure  to  pneumococcus  (Braun  et  al.  2001). 
Poly(ADP-ribose)  polymerase- 1  (PARP-1)  inhibitors  or 
genetic  deletion  of  PARP-1  prevents  AIF-mediated  death  of 
NMDA-treated  cortical  neurons,  indicating  that  AIF  release 
lies  downstream  of  PARP- 1  activation  in  this  excitotoxicity 
model  (Yu  et  al.  2002).  Although  caspase  inhibitors  had  no 
effect  on  PARP-1  mediated  cell  death,  AIF  release  in 
response  to  various  apoptotic  stimuli  appears  to  be  a  separate 
event  from  cytochrome  c  release  and  requires  caspase 
activation  (Amoult  et  al.  2002),  suggesting  that  AIF  release 
may  be  differentially  regulated  in  caspase-independent 
versus  caspase-dependent  cell  death.  Interestingly,  the 
recently  described  Harlequin  mouse  mutant  has  an  80% 
reduction  in  AIF  expression  yet  displays  progressive  degen¬ 
eration  of  terminally  differentiated  cerebellar  and  retinal 
neurons  associated  with  oxidative  stress  (Klein  et  al.  2002). 
This  finding  is  contrary  to  what  would  be  expected  if  AIF 
functions  solely  as  an  apoptotic  factor  in  the  nervous  system. 
Overexpression  of  AIF  in  cerebellar  granule  neurons  was 
protective  against  peroxide-mediated  cell  death  suggesting 
that,  in  addition  to  its  pro-death  function  in  the  nucleus,  AIF 
may  also  function  as  a  free  radical  scavenger  at  the 
mitochondria  (Klein  et  al.  2002). 

Genetic  lesion  studies  in  mice  and  mouse  embryos  have 
provided  strong  evidence  for  the  contribution  of  Bcl-2  family 
proteins  to  naturally  occurring  cell  death  during  nervous 
system  development.  Pro-apoptotic  Bax  is  required  for  the 
cell  death  program  in  many  populations  of  neurons,  inclu¬ 
ding  peripheral  ganglia,  motor  neurons  in  the  spinal  cord, 
neurons  in  the  trigeminal  brainstem  nuclear  complex,  and 
some  neurons  in  the  cerebellum,  retina,  and  hippocampus 
(Deckwerth  et  al.  1996;  White  et  al.  1998;  Fan  et  al.  2001). 
Mouse  embryos  deficient  in  anti-apoptotic  Bcl-X  display 
massive  cell  death  of  immature  neurons  of  the  brain,  spinal 
cord,  and  dorsal  root  ganglia  that  is  largely  rescued  by 
codeletion  of  Bax,  providing  evidence  that  Bcl-X  is  an 
essential  negative  regulator  of  the  Bax-mediated  pro¬ 
grammed  cell  death  pathway  in  vivo  (Motoyama  et  al. 
1995;  Shindler  et  al.  1997).  In  vitro  experiments  using 
wild  type  and  Bax  deficient  cerebellar  granule  neurons 
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demonstrated  involvement  of  the  intrinsic  pathway  by 
showing  that  BH3-only  protein-mediated  Bax  activation, 
cytochrome  c  release,  and  caspase  activation  was  responsible 
for  eliciting  developmental-like  apoptosis  following  with¬ 
drawal  of  depolarizing  concentrations  of  potassium  chloride 
(Harris  &  Johnson  2001). 

Although  brain  mitochondria  have  been  extensively 
investigated  as  a  primary  target  of  excitotoxic  calcium  loads 
and  reactive  oxygen  species  leading  to  acute  energy  failure, 
new  evidence  reveals  that  the  BH3-only  signal  transduction 
cascade  mediating  programmed  cell  removal  also  contributes 
substantially  to  neural  injury.  The  BH3-only  protein  Bid  is 
cleaved  during  focal  ischemia  in  a  caspase-8  dependent 
fashion  and  Bid-deficient  mice  display  a  significant  reduction 
in  infarct  volume  that  coincides  with  protection  against 
cytochrome  c  release  and  impaired  caspase-3  activation 
(Plesnila  et  al.  2001).  Bad,  another  member  of  the  BH3-only 
subgroup  of  Bcl-2  family  proteins,  regulates  the  threshold  for 
mitochondrial  cytochrome  c  release  in  neurons  by  inactivat¬ 
ing  anti-apoptotic  Bcl-2  proteins  (Datta  et  al.  2002). 
Although  normally  held  in  check  by  survival  kinase-medi¬ 
ated  phosphorylation,  excitotoxic  elevation  of  intraneuronal 
calcium  can  lead  to  Bad  dephosphorylation  and  activation 
through  the  Ca2+-dependent  phosphatase  calcineurin  (Wang 
et  al.  1999).  In  vivo  evidence  suggests  that  Bad  activation 
contributes  to  apoptotic  death  following  traumatic  spinal 
cord  injury  (Springer  et  al.  2000)  and  kainic  acid-induced 
seizures  (Henshall  et  al.  2002).  Studies  using  double¬ 
knockout  mice  of  Bax  and  its  close  relative  Bak  revealed 
that  BH3-only  proteins  such  as  Bid  require  these  multido¬ 
main  Bcl-2  homologs  for  their  cytochrome  c-releasing  and 
killing  ability  (Wei  et  al.  2001);  however,  the  precise 
biochemical  actions  of  these  proteins  has  been  a  subject  of 
considerable  debate. 

The  mitochondrial  permeability  transition  hypothesis 

A  phenomenon  called  the  mitochondrial  permeability  trans¬ 
ition  was  the  initial  mechanism  proposed  to  mediate  the 
release  of  mitochondrial  intermembrane  constituents.  Identi¬ 
fied  as  early  as  the  1960s,  mitochondria  undergo  swelling 
following  exposure  to  high  calcium  and  oxidative  stress.  The 
swelling  results  from  the  opening  of  the  mitochondrial 
permeability  transition  pore  (PTP)  in  the  inner  membrane. 
Solute  entry  (<  1500  Da)  precipitates  water  influx,  leading  to 
expansion  of  the  matrix  space  within  the  highly  convoluted 
inner  membrane  and  dissipation  of  the  electrochemical 
gradient.  The  comparatively  rigid  outer  mitochondrial  mem¬ 
brane  eventually  ruptures,  releasing  the  contents  of  the 
intermembrane  space  including  cytochrome  c.  Reconstitution 
of  the  inner  membrane  adenine  nucleotide  translocator 
(ANT)  together  with  the  matrix  protein  cyclophilin  D  and 
the  outer  membrane  voltage-dependent  anion  channel 
(VDAC)  in  proteoliposomes  mimics  mitochondrial  per¬ 
meability  transition  pore  activity  observed  in  isolated 


mitochondria  (Crompton  et  al.  1998).  Co-purification,  co- 
immunoprecipitation,  and  yeast-two-hybrid  screening  have 
demonstrated  an  interaction  of  Bax  with  the  ANT  (Marzo 
et  al.  1998b)  and  some  investigators  have  found  evidence 
supporting  induction  of  the  mitochondrial  PTP  as  the 
mechanism  for  Bax-mediated  apoptosis  (Marzo  et  al. 
1998a;  Pastorino  et  al.  1998)  although  many  find  that  Bax- 
induced  cytochrome  c  release  and  apoptosis  occurs  in  the 
absence  of  mitochondrial  permeability  transition  (Eskes  et  al. 
1998;  Polster  et  al.  2003).  New  evidence  suggests  that  Bax 
and  Bak  may  contribute  indirectly  to  mitochondrial  per¬ 
meability  transition  by  controlling  endoplasmic  reticulum-to- 
mitochondria  calcium  signaling  in  some  apoptotic  paradigms 
(Scorrano  et  al.  2003;  Zong  et  al.  2003). 

PTP  inhibitors,  such  as  cyclosporine  A  and  bongkrekic 
acid,  have  been  used  to  investigate  the  involvement  of  the 
mitochondrial  permeability  transition  in  neural  cell  death. 
Although  PTP  inhibitors  are  protective  in  some  models 
(Budd  et  al.  2000;  Cao  et  al.  2001),  in  most  cases  inhibition 
of  cytochrome  c  release  was  not  demonstrated  and  non-PTP 
effects  were  not  excluded,  such  as  protective  general 
inhibition  of  protein  synthesis  (Wigdal  et  al.  2002).  Detailed 
analysis  from  our  lab  and  others  using  both  biochemical  and 
imaging  techniques  have  excluded  a  role  for  the  PTP  in  the 
mechanism  of  Bax-induced  cytochrome  c  release  from 
isolated  brain  mitochondria  (Brustovetsky  et  al.  2003;  Pol¬ 
ster  et  al.  2003).  Nevertheless,  the  PTP  may  still  play  a  role 
in  neural  cell  death,  perhaps  by  signaling  Bax  translocation 
to  mitochondria  (De  Giorgi  et  al.  2002),  participating  in 
intracellular  Ca2+  or  ROS  signaling,  or  regulating  the  release 
of  larger  mitochondrial  apoptogenic  proteins  that  occurs 
downstream  of  cytochrome  c  release.  Recently  it  was  shown 
that  both  Bax  and  Bak  are  dispensible  for  NMDA-induced 
death  of  cerebellar  granule  neurons  (Lindsten  et  al.  2003), 
perhaps  suggesting  a  comparatively  greater  role  for  calcium 
in  forms  of  neuronal  death  that  are  not  purely  apoptotic. 
However,  whether  PTP  is  a  cause  or  the  result  of  irreversible 
excitotoxic  neuronal  injury  is,  at  this  juncture,  unclear. 

The  outer  membrane  channel  hypothesis 

As  an  alternative  to  non-selective  mitochondrial  outer 
membrane  permeabilization  due  to  membrane  breakage,  it 
is  possible  that  a  discrete  outer  membrane  protein-conducting 
channel  forms  to  allow  cytochrome  c  and  its  death-promoting 
cohorts  to  escape  the  intermembrane  space  during  apoptosis. 
One  proposal  is  that  Bax  combines  with  the  outer  membrane, 
non-selective  metabolite  channel  VDAC  to  increase  its 
permeability  or  form  hybrid  channels  that  are  large  enough 
to  flux  cytochrome  c.  Bax  and  VDAC  but  neither  protein 
alone  was  capable  of  passing  cytochrome  c  across  planar 
lipid  bilayers  (Shimizu  et  al.  1999).  Also,  Bax  was 
co-immunoprecipitated  with  VDAC,  and  antibodies  that 
blocked  14C-sucrose  uptake  by  VDAC-containing  liposomes 
also  blocked  mammalian  apoptosis  (Shimizu  et  al.  1999; 
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Shimizu  et  al.  2001).  However,  although  Tsujimoto  and 
colleagues  first  proposed  that  Bax  and  Bak  mediate  cyto¬ 
chrome  c  release  by  modulating  the  conductance  state  of 
VDAC  in  1999,  independent  studies  have  yet  to  reproduce 
their  findings.  Conflicting  results,  e.g.  the  findings  that  Bax 
expression  in  VDAC-deficient  yeast  induces  large  conduct¬ 
ance  mitochondrial  channels  and  cytochrome  c  release 
(Pavlov  et  al.  2001),  lead  many  to  favor  the  hypothesis  that 
Bax  does  not  require  native  mitochondrial  proteins  for  outer 
membrane  permeabilization. 

N-terminal  epitope-specific  Bax  antibodies  and  trypsin 
digestion  patterns  were  used  to  demonstrate  that  active  Bid 
can  induce  a  conformation  change  in  Bax  or  Bak  (Desagher 
et  al.  1999;  Wei  et  al.  2000)  that  precedes  the  formation  of 
higher  order  complexes  (Eskes  et  al.  2000).  Associated  with 
this  conformational  change  was  a  shift  in  mitochondrially 
associated  Bax  from  a  loosely  bound,  alkali-extractable  form 
to  an  alkali-resistant  form  that  is  characteristic  of  integral 
membrane  proteins.  The  formation  of  oligomers  is  required 
for  the  ability  of  Bax  to  release  entrapped  molecules  from 
liposomes  in  cell-free  assays  (Antonsson  et  al.  2000)  and 
endogenous  high  molecular  weight  Bax  oligomer/complexes 
have  been  found  in  mitochondrial  membranes  of  apoptotic 
cells  (Antonsson  et  al.  2001)  supporting  a  physiological  role 
for  Bax  multimerization.  Inhibition  of  cytochrome  c  efflux  by 
size-specific  dextrans  from  protein-free  liposomes  treated 
with  Bax  estimated  a  Bax  pore  size  of  ~30  Angstroms  that 
was  consistent  with  a  Bax  tetramer  (Saito  et  al.  2000). 
However,  in  contrast  to  larger  Bax  complexes  that  have  been 
detected  within  cells  (Antonsson  et  al.  2001;  Nechushtan 
et  al.  2001),  proteinaceous  channels  formed  by  more  than 
four  Bax  molecules  could  not  be  detected  in  this  liposomal 
system.  Furthermore,  the  predicated  size  of  tetrameric  Bax 
channels  was  insufficient  to  account  for  the  release  of  large 
mitochondrial  proteins  observed  during  apoptosis,  although 
there  is  also  now  evidence  that  the  release  of  several 
mitochondrial  intennembrane  space  proteins  (e.g.  Smac/ 
DIABLO  and  AIF)  occurs  by  more  than  one  mechanism,  or 
is  at  least  differentially  regulated  by  various  pro-apoptotic 
proteins  (Adrain  et  al.  2001;  Arnoult  et  al.  2002;  Kandas- 
amy  et  al.  2003). 

The  lipid  pore  hypothesis 

A  substantial  shift  in  the  thinking  in  the  field  occurred  when 
investigators  began  considering  a  role  for  mitochondrial 
lipids  in  the  permeabilization  process.  The  hypothesis  of 
Bax-induced  lipid  pore  formation  was  first  proposed  but 
largely  ignored  in  1999,  when  Basanez  and  co-workers  found 
that  Bax  decreased  planar  phospholipid  bilayer  stability  and 
diminished  membrane  linear  tension,  corresponding  to  a 
lowered  energy  requirement  for  the  formation  of  a  lipidic 
pore  (Basanez  et  al.  1999).  Newmeyer’s  group  recently 
revisited  this  hypothesis  by  demonstrating  that  mitochondrial 
lipids,  particularly  cardiolipin,  are  essential  for  Bax-induced 


permeabilization  of  vesicles  and  showing  remarkably  that 
2000  kilodalton  dextran  molecules  could  be  released  from 
liposomes  without  visible  changes  in  structure  (Kuwana 
et  al.  2002).  However,  they  were  not  able  to  exclude  the 
possibility  that  the  liposome  membrane  resealed  during  the 
process  of  preparation  for  electron  microscopy.  Additional 
support  for  a  lipid  pore-mediated  mechanism  of  Bax 
permeabilization  came  from  observations  that  altering  intrin¬ 
sic  membrane  curvature  in  lipid  vesicles  can  inhibit  or 
promote  Bax  activity  (Basanez  et  al.  2002)  and  that  amphi¬ 
philic  cations  that  interact  strongly  with  mitochondrial  lipids 
can  prevent  Bax-induced  permeabilization  of  isolated  mito¬ 
chondria  or  liposomes  without  affecting  the  ability  of  Bax  to 
integrate  into  membranes  (Polster  et  al.  2003).  Atomic  force 
microscopy  was  used  to  directly  visualize  a  toroidal-shaped 
pore  formed  by  oligomeric  Bax  in  synthetic  lipid  bilayers, 
demonstrating  proof-of-concept  in  an  artificial  system 
(Epand  et  al.  2002).  Assessing  the  ability  of  dibucaine  and 
propranolol  to  inhibit  MAC  (mitochondria  apoptosis-induced 
channel),  a  novel  high  conductance  channel  that  was 
electrophysiologically  characterized  on  mitochondrial  outer 
membranes  of  apoptotic  cells  (Pavlov  et  al.  2001),  will  aid  in 
bridging  the  gap  between  events  detected  in  isolated  systems 
and  intact  cells.  Intriguing  new  observations  that  Bax  and 
Bak  colocalize  with  proteins  involved  in  mitochondrial 
fission  and  fusion  at  mitochondrial  constriction  sites  in 
apoptotic  cells  suggest  a  role  for  regulation  of  lipid  dynamics 
in  vivo  (Karbowski  et  al.  2002).  Antagonism  of  the  mitoch¬ 
ondrial  fission  protein  Drpl  inhibits  Bax -mediated  cyto¬ 
chrome  c  release  and  apoptosis  in  cells  (Frank  et  al.  2001)  by 
a  process  that  is  still  unknown  and  may  prove  difficult  to 
address  in  simplified  systems,  e.g.  isolated  mitochondria  or 
liposomes. 

Regulation  by  p53 

Induction  of  the  transcriptional  activating  factor  p53  by 
oxidative  stress,  hypoxia,  etc.  results  in  apoptosis  mediated 
by  the  intrinsic  (mitochondrial)  pathway  (Miller  et  al.  2000). 
p53  stimulates  the  expression  of  several  Bcl-2  family  genes 
including  Bax  and  multiple  BH3-only  proteins,  e.g.  Bid, 
Noxa,  and  PUMA  (Sax  and  El  Deiry  2003).  In  addition  to 
elevating  the  levels  of  proteins  that  mediate  release  of 
cytochrome  c,  p53  stimulates  apoptosis  by  a  transcription- 
independent  pathway  (Caelles  et  al.  1994).  The  molecular 
mechanism  by  which  p53  activates  apoptosis  independent  of 
transcription  apparently  involves  the  direct  binding  of  p53  to 
one  or  more  anti-apoptotic  mitochondrial  proteins,  e.g.  Bcl- 
XL,  thereby  inhibiting  their  ability  to  suppress  Bax-  or  Bak- 
mediated  pore  formation  and  cytochrome  c  release  (Fig.  3) 
(Chipuk  et  al.  2003;  Mihara  et  al.  2003).  The  ability  of  other 
nuclear  factors  such  as  TR3/nur77  and  histone  HI. 2  to 
directly  stimulate  cytochrome  c  release  from  mitochondria 
has  also  been  described  (Li  et  al.  2000;  Konishi  et  al.  2003), 
indicating  that  nuclear-to-mitochondrial  signaling  may  be  a 
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Fig.  3  Regulation  of  the  intrinsic  mitochondrial  apoptotic  pathway  by 
p53.  Various  stressful  stimuli  associated  with  neurologic  disorders, 
e.g.  oxidative  stress,  stimulate  the  expression  of  p53.  This  gene 
product  transcriptionally  activates  several  pro-apoptotic  genes,  inclu¬ 
ding  Bax,  Bid,  Noxa,  and  PUMA.  In  addition,  p53  stimulates  apoptosis 
by  a  non-transcriptional  mechanism  involving  direct  binding  to  anti- 
apoptotic  mitochondrial  proteins,  e.g.  Bcl-XL,  inhibiting  their  ability  to 
block  outer  membrane  pore  formation  by  Bax  and  Bak. 

common  theme  in  apoptotic  death.  However  the  importance 
of  these  nuclear  instigators  of  the  mitochondrial  death 
pathway  has  yet  to  be  investigated  in  neural  cells. 

Role  of  reactive  oxygen  species 

A  significant  rise  in  reactive  oxygen  species  (ROS)  occurs  in 
both  apoptotic  and  necrotic  neural  cell  death.  Examination  of 
Bax  deficient  and  Bax  heterozygous  mouse  sympathetic 
neurons  revealed  that  the  amount  of  ROS  produced  subse¬ 
quent  to  nerve  growth  factor  (NGF)  withdrawal  directly 
correlates  with  Bax  gene  dosage  (Kirkland  et  al.  2002).  In 
Bax  -/-  neurons,  no  elevation  of  ROS  occurred  and 
cytochrome  c  release  in  response  to  growth  factor  depriva¬ 
tion  was  completely  suppressed.  The  complex  I  inhibitor 
rotenone  abrogated  the  increase  in  ROS,  indicating  a 
mitochondrial  source  for  the  reactive  oxygen  species. 

Cai  and  Jones  initially  proposed  that  intracellular  redistri¬ 
bution  of  cytochrome  c  is  responsible  for  the  oxidative  stress 
that  often  accompanies  apoptosis  (Cai  and  Jones  1998).  We 
have  found  that  Bax-induced  release  of  cytochrome  c  from 
isolated  brain  mitochondria  causes  increased  production  of 
ROS  (Starkov  et  al.  2002),  likely  via  stimulation  of  super¬ 
oxide  production  at  Complex  I  of  the  electron  transport  chain 
(Kushnareva  et  al.  2002).  This  observation  supports  the 


hypothesis  that  Bax-dependent  mitochondrial  ROS  genera¬ 
tion  lies  downstream  of  cytochrome  c  release.  This  concept  is 
challenged  by  measurements  of  the  timing  of  stimulated  ROS 
production  in  mouse  sympathetic  neurons,  which  was  found 
to  precede  the  release  of  cytochrome  c,  as  measured  by 
immunofluorescence  (Kirkland  et  al.  2002).  However,  evi¬ 
dence  in  rat  sympathetic  neurons  suggests  that  partial 
cytochrome  c  release  may  be  detectable  by  subcellular 
fractionation  and  immunoblotting  earlier  than  when  the 
change  in  immunostaining  pattern  becomes  apparent  (Mar- 
tinou  et  al.  1999).  Lipid  peroxidation,  particularly  of  cardi- 
olipin,  can  cause  dissociation  of  cytochrome  c  from  its 
electrostatic  interaction  with  the  inner  mitochondrial  mem¬ 
brane  (Ott  et  al.  2002).  Thus,  release  of  the  intennembrane 
soluble  pool  of  cytochrome  c  by  Bax  could  potentially  lead 
to  ROS  generation  that  would  then  enhance  cytochrome  c 
release,  further  enhancing  the  production  of  ROS.  Activated 
caspase-3  was  also  reported  to  enhance  mitochondrial  ROS 
downstream  of  cytochrome  c  release  by  damaging  complexes 
I  and  II  (Ricci  et  al.  2003).  Although  the  mechanism  of 
mitochondrial  ROS  generation  by  Bax  is  not  clear,  a 
membrane -permeant  fonn  of  reduced  glutathione  was  able 
to  limit  the  ROS  burst  and  cytochrome  c  release  in  Bax+/ 
+neurons  deprived  of  NGF  (Kirkland  et  al.  2002),  pointing 
to  an  important  role  of  ROS  and  possibly  lipid  or  protein 
oxidation  in  the  mitochondrial  permeabilization  process. 

Neuroprotective  interventions 

As  the  apoptotic  pathway  has  become  better  defined  and  its 
contribution  to  neurodegenerative  disorders  irrefutable,  the 
development  of  anti-apoptotic  therapeutics  has  predictably 
become  a  focus  of  investigation.  Suppression  of  apoptosis  at 
the  level  of  caspases  via  caspase  inhibitors  is  one  approach 
that  has  been  actively  explored  with  modest  success 
(Bilsland  and  Harper  2002).  A  factor  complicating  this 
strategy,  however,  is  that  mitochondrial  dysfunction  often 
occurs  even  in  the  presence  of  caspase  inhibition,  leading  to 
an  impairment  in  ATP  production  and  an  increase  in  the 
generation  of  reactive  oxygen  species  (Chang  et  al.  2002). 
Thus,  caspase  inhibitors  may  merely  delay  cell  death. 
Alternatively,  neurons  surviving  injury  in  the  presence  of 
caspase  inhibitors  may  still  be  functionally  impaired  and 
contribute  to  poor  neurologic  outcome. 

In  contrast  to  the  inhibition  of  caspases,  genetic  deletion  of 
Bax  and  Bak  confers  long-term  resistance  to  apoptosis  in 
cultured  cells  and  prevents  upstream  apoptotic  changes  in 
mitochondria,  e.g.  loss  of  apoptogenic  factors  and  membrane 
potential  (Wei  et  al.  2001).  Thus,  the  challenge  is  to  develop 
or  identify  pharmacologic  agents  capable  of  inhibiting 
apoptosis  at  steps  upstream  of  Bax  and  Bak-induced 
mitochondrial  changes  (Fig.  4).  In  neurons,  the  relocalization 
of  Bax  from  the  cytosol  to  the  mitochondria  represents  one  of 
the  first  steps  in  programmed  cell  death  (Putcha  et  al.  1999). 
Although  Bax  has  an  N-terminal  mitochondrial  targeting 
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Fig.  4  Neuroprotection  strategies  targeting  the  intrinsic  pathway  of 
apoptosis.  Until  recently,  the  development  of  caspase  inhibitors  that 
cross  the  blood-brain  barrier  has  been  the  major  focus  of  neuropro- 
tective  studies  that  target  apoptosis.  However,  because  mitochondrial 
damage  occurring  upstream  of  caspase  activation  can  lead  to  necrotic 
cell  death  due  to  oxidative  stress  and  energy  failure,  inhibition  of  Bax 


signal  (Cartron  et  al.  2003),  in  healthy  cells  it  is  largely 
retained  in  the  cytosol  either  by  binding  to  a  24  amino  acid 
anti-apoptotic  peptide  called  humanin  (Guo  et  al.  2003),  or 
through  an  interaction  with  the  DNA  repair  protein  Ku70 
(Sawada  et  al.  2003b).  A  cell  permeable  five  amino  acid 
peptide  BIP  (Bax-inhibiting  peptide)  designed  from  the  Bax 
binding  domain  of  Ku70  protected  cells  against  Bax- 
dependent  apoptotic  stimuli  in  multiple  cell  types  (Sawada 
et  al.  2003  a),  demonstrating  the  possibility  of  inhibiting  Bax- 
induced  death  at  the  initial  stage  of  activation.  Tauroursode- 
oxycholic  acid  limits  Bax  association  with  mitochondria 
(Rodrigues  et  al.  2003)  while  dibucaine  and  propranolol 
inhibit  Bax-induced  cytochrome  c  release  downstream  of 
Bax  mitochondrial  insertion  (Polster  et  al.  2003),  showing 
promise  for  the  development  of  drugs  that  interfere  with  the 
membrane  permeabilizing  activity  of  Bax. 

In  contrast  to  Bax,  Bak  is  constitutively  present  at 
mitochondria  in  healthy  cells,  and  although  Bax  and  Bak 
are  often  considered  to  have  redundant  pro-death  functions, 
recent  experiments  with  isolated  rat  brain  mitochondria 
implicate  distinct  mechanisms  in  the  release  of  cytochrome  c 
(Brustovetsky  et  al.  2003).  VDAC2  was  recently  shown  to 
inhibit  mitochondrial  outer  membrane  permeabilization  by 
Bak  but  not  Bax  (Cheng  et  al.  2003),  while  humanin  and 
Ku70  appear  to  be  specific  Bax  antagonists  (Guo  et  al.  2003; 
Sawada  et  al.  2003b),  demonstrating  distinct  mechanisms  of 
regulation  as  well.  Calcium-induced  permeability  transition 


function  at  the  mitochondria  is  potentially  a  more  effective  therapeutic 
strategy.  Bax-inhibiting  Peptide  (BIP)  and  tauroursodeoxycholic  acid 
(TUDCA)  prevent  Bax  translocation  and  association  with  mitochon¬ 
dria,  while  dibucaine  and  propranolol  inhibit  Bax-induced  cytochrome  c 
release  downstream  of  Bax  membrane  insertion. 


is  also  likely  to  contribute  to  neuronal  cell  death  under  many 
circumstances  and  new  permeability  transition  pore  inhibi¬ 
tors  are  being  developed  (Walter  et  al.  2000;  Cesura  et  al. 
2003;  Chinopoulos  et  al.  2003).  Thus,  therapeutics  focused 
solely  on  suppressing  Bax  translocation  or  function  may 
display  incomplete  efficacy  due  to  the  existence  of  alternate, 
parallel,  or  compensatory  death  pathways. 

Bcl-2  and  Bcl-XL  are  two  prominent  native  inhibitors  of 
apoptosis  and  Bax  and  Bak  function.  Early  investigations 
focused  on  the  ability  of  Bcl-2  to  regulate  inner  mitochond¬ 
rial  permeability  transition,  cellular  redox  state,  and  oxidative 
damage-induced  cell  death  (Hockenbery  et  al.  1993;  Susin 
et  al.  1996;  Kowaltowski  et  al.  2000).  This  approach  was 
followed  by  research  on  binding  interactions  between  Bcl-2 
or  Bcl-XL  and  Bax/Bak  or  BH3-only  proteins,  and  regulation 
of  mitochondrial  outer  membrane  permeability  (Wei  et  al. 

2001) .  The  ability  of  Bcl-2  and  Bcl-XL  to  strengthen 
antioxidant  defenses,  to  inhibit  mitochondrial  permeability 
transition,  and  to  inhibit  penneability  transition  pore-inde¬ 
pendent  cytochrome  c  release  makes  these  proteins  attractive 
multitarget  neuroprotective  candidates.  Early  attempts  to 
deliver  the  Bcl-XL  protein  directly  to  the  brain  via  fusion  to  a 
protein  transduction-conferring  TAT  peptide  have  been 
fruitful,  with  several  studies  demonstrating  protection  in 
rodent  ischemic  injury  models  (Cao  et  al.  2002;  Kilic  et  al. 

2002) .  Because  of  the  multifaceted  nature  of  cell  death 
pathways  in  the  nervous  system,  it  is  likely  that  a  cocktail  of 
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therapeutics  will  ultimately  prove  most  effective  in  treating 
both  acute  and  chronic  neurodegenerative  disorders. 

Conclusions 

Although  mitochondrial  inner  membrane  permeability  trans¬ 
ition  contributes  to  acute  necrotic  neural  cell  death,  the 
selective  permeabilization  of  the  outer  membrane  caused  by 
Bax  and  other  Bcl-2  family  proteins  is  likely  to  play  a  more 
causative  role  in  apoptosis.  Mitochondrial  lipids  are  thought 
to  play  an  important  role  in  the  outer  membrane  permeabi¬ 
lization  process,  although  the  nature  of  Bax-  or  Bak-induced 
protein  or  lipid  pores  in  intact  cells  remains  to  be  defined. 
Adding  to  the  complexity,  it  is  now  apparent  that  mitoch¬ 
ondrial  apoptotic  proteins  are  not  always  released  in 
synchrony,  for  instance,  Smac/DIABLO  and  AIF  release 
are  sometimes  seen  only  after  caspase  activation  has  occurred 
downstream  of  cytochrome  c  redistribution.  Thus,  although 
considerable  progress  has  been  made  toward  unravelling  the 
mechanism(s)  of  release  of  apoptotic  proteins  from  mito¬ 
chondria  during  programmed  cell  death,  our  understanding 
of  the  process  is  far  from  complete.  Various  mechanisms 
discussed  in  this  review  may  be  recruited  by  different  stimuli 
or  in  different  neural  cell  types,  and  undoubtedly  additional 
players  remain  to  be  discovered.  Further  characterization  of 
events  that  occur  at  mitochondrial  membranes  during 
apoptosis  will  provide  novel  targets  for  upstream  therapeutic 
interventions  in  the  apoptotic  pathway  that  may  prove 
effective  in  the  treatment  of  both  acute  neurologic  disorders 
and  chronic  neurodegenerative  diseases. 
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Mitochondria-produced  reactive  oxygen  species  (ROS)  are  thought  to  contribute  to  cell  death  caused  by  a  multitude  of  pathological 
conditions.  The  molecular  sites  of  mitochondrial  ROS  production  are  not  well  established  but  are  generally  thought  to  be  located  in 
complex  I  and  complex  III  of  the  electron  transport  chain.  We  measured  H202  production,  respiration,  and  NADPH  reduction  level  in  rat 
brain  mitochondria  oxidizing  a  variety  of  respiratory  substrates.  Under  conditions  of  maximum  respiration  induced  with  either  ADP  or 
carbonyl  cyanide  p-trifluoromethoxyphenylhydrazone,  a-ketoglutarate  supported  the  highest  rate  of  H202  production.  In  the  absence  of 
ADP  or  in  the  presence  of  rotenone,  H202  production  rates  correlated  with  the  reduction  level  of  mitochondrial  NADPH  with  various 
substrates,  with  the  exception  of  a-ketoglutarate.  Isolated  mitochondrial  a-ketoglutarate  dehydrogenase  (KGDHC)  and  pyruvate  dehy¬ 
drogenase  (PDHC)  complexes  produced  superoxide  and  H202.  NAD  +  inhibited  ROS  production  by  the  isolated  enzymes  and  by  perme- 
abilized  mitochondria.  We  also  measured  H202  production  by  brain  mitochondria  isolated  from  heterozygous  knock-out  mice  deficient 
in  dihydrolipoyl  dehydrogenase  (Did).  Although  this  enzyme  is  a  part  of  both  KGDHC  and  PDHC,  there  was  greater  impairment  of 
KGDHC  activity  in  Dld-deficient  mitochondria.  These  mitochondria  also  produced  significantly  less  H202  than  mitochondria  isolated 
from  their  littermate  wild-type  mice.  The  data  strongly  indicate  that  KGDHC  is  a  primary  site  of  ROS  production  in  normally  functioning 
mitochondria. 

Key  words:  mitochondria;  reactive  oxygen  species;  lipoamide  dehydrogenase;  ketoglutarate  dehydrogenase;  Parkinson;  Alzheimer 


Introduction 

Reactive  oxygen  species  (ROS)  are  thought  to  contribute  to  neu¬ 
ronal  cell  death  caused  by  ischemia,  excitotoxicity,  and  various 
acute  and  chronic  neurological  disorders  (Dykens,  1994;  Fiskum 
et  al.,  1999;  Murphy  et  al.,  1999;  Fiskum,  2000;  Nicholls  and 
Budd,  2000).  A  compelling  body  of  evidence  indicates  that  mito¬ 
chondria  are  the  major  source  of  ROS  in  normal  tissues  and 
under  a  variety  of  neurodegenerative  conditions  (Murphy  et  al., 
1999).  However,  the  mechanism  and  the  sites  of  ROS  production 
in  mitochondria  require  additional  research.  The  vast  majority  of 
studies  on  mitochondrial  ROS  generation  have  used  heart  mito¬ 
chondria  and  respiratory  chain  inhibitors  as  tools  to  maximize 
ROS  production  and  to  identify  potential  sites  of  ROS  genera¬ 
tion.  These  studies  revealed  that  inhibiting  complexes  I  and  III  of 
the  mitochondrial  respiratory  chain  with  specific  mitochondrial 
toxins,  such  as  rotenone  and  antimycin  A,  resulted  in  high  rates 
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of  ROS  production  (Turrens,  1997;  Murphy  et  al.,  1999;  Lenaz, 
2001).  Similar  approaches  have  been  used  successfully  to  study 
ROS  production  by  isolated  (Kwong  and  Sohal,  1998)  and  in  situ 
(Sipos  et  al.,  2003)  brain  mitochondria,  but  no  information  is  yet 
available  regarding  the  specific  sites  or  mechanisms  of  ROS  gen¬ 
eration  in  the  absence  of  respiratory  chain  inhibitors  (Sorgato  et 
al.,  1974;  Patole  et  al.,  1986;  Cino  and  Del  Maestro,  1989;  Ramsay 
and  Singer,  1992;  Hensley  et  al.,  1998;  Kwong  and  Sohal,  1998; 
Sims  et  al.,  1998;  Tretter  and  Adam-Vizi,  2000;  Sipos  et  al.,  2003). 

Previously,  we  suggested  that  mitochondrial  matrix  dehydro¬ 
genases  other  than  complex  I  [e.g.,  a-ketoglutarate  dehydroge¬ 
nase  enzyme  complex  (KGDHC)]  can  contribute  to  the  observed 
ROS  production  in  the  absence  of  inhibitors  of  the  mitochondrial 
respiratory  chain  (Starkov  and  Fiskum,  2002).  It  is  known  that 
reduced  flavins  (Massey,  1994)  and  flavoproteins  (Chan  and  Biel- 
ski,  1974,  1980;  Zhang  et  al.,  1998;  Bunik  and  Sievers,  2002)  can 
generate  superoxide  in  aqueous  oxygenated  solutions.  Isolated 
lactate  dehydrogenase  (Chan  and  Bielski,  1974)  and  glyceral- 
dehyde-3-phosphate  dehydrogenase  (Chan  and  Bielski,  1980) 
were  shown  to  catalyze  NADH-dependent  superoxide  produc¬ 
tion,  whereas  malate  and  isocitrate  dehydrogenase  did  not  pro¬ 
duce  superoxide  (Chan  and  Bielski,  1974).  The  isolated  dehydro¬ 
genase  component  of  mitochondrial  succinate  dehydrogenase 
(SDH)  complex  was  also  capable  of  flavin-dependent  superoxide 
production  in  the  absence  of  an  electron  acceptor  (Zhang  et  al., 
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1998) .  It  has  also  been  recently  demonstrated  that  the  flavin  of  the 
dihydrolipoamide  dehydrogenase  (Did)  component  (EC  1.8. 1.4) 
of  isolated  KGDHC  can  generate  superoxide  (Bunik  and  Sievers, 
2002).  The  latter  is  of  particular  interest  with  regard  to  the  mech¬ 
anisms  and  sites  of  ROS  production  in  mitochondria  because  the 
flavin  of  the  Did  subunit  is  abundant  in  mitochondria  (Kunz  and 
Gellerich,  1993)  and  has  a  sufficiently  negative  redox  potential 
(£m  7.4  =  —283  mV)  (Kunz  and  Kunz,  1985)  to  allow  for  super¬ 
oxide  production. 

The  data  presented  here  demonstrate  that  KGDHC  represents 
a  significant  source  of  ROS  in  brain  mitochondria.  The  reduced 
Did  subunit  of  KGDHC  is  the  most  likely  source  of  ROS  in  the 
mitochondrial  matrix  under  conditions  of  an  elevated  NADPH/ 
NADP  H  ratio  in  the  matrix  of  mitochondria.  Preliminary  results 
have  been  reported  previously  (Starkov  and  Fiskum,  2002). 

Materials  and  Methods 

Reagents.  Oligomycin,  antimycin  A3,  and  rotenone  (Sigma,  St.  Louis, 
MO)  were  dissolved  in  ethanol,  and  Amplex  Red  (10-acetyl-3,7-dihy- 
droxyphenoxazine;  Molecular  Probes,  Eugene,  OR)  was  dissolved  in  di- 
methylsulfoxide.  All  other  reagents  were  purchased  from  Sigma.  All  re¬ 
agents  and  ethanol  were  tested  and  exhibited  no  interference  with  the 
H202  assay  at  the  concentrations  used  in  our  experiments. 

Mouse  and  rat  forebrain  mitochondria  were  isolated  as  described  pre¬ 
viously  (Rosenthal  et  al.,  1987;  Starkov  and  Fiskum,  2001,  2003),  with 
modifications  as  follows.  Sprague  Dawley  rats  and  knock-out  Dld- 
deficient  mice  (Johnson  et  al.,  1997)  and  their  littermate  controls  were 
used.  Animals  were  decapitated,  and  the  brain  was  excised  and  placed 
into  ice-cold  isolation  buffer  containing  225  mM  mannitol,  75  mM  su¬ 
crose,  5  mM  HEPES-KOH,  pH  7.4, 1  mM  EGTA,  and  1  gm/1  bovine  serum 
albumin.  Two  mouse  brains  or  a  single  rat  brain  were  used  per  isolation. 
The  cerebellum  was  removed,  and  the  rest  of  the  brain  tissue  was  placed 
in  a  1 5  ml  Dounce  homogenizer  and  homogenized  manually  with  eight 
strokes  of  pestle  A,  followed  by  eight  strokes  of  pestle  B.  The  homogenate 
was  diluted  with  1 5  ml  of  isolation  buffer,  distributed  into  four  centrifuge 
tubes,  and  centrifuged  at  3000  X  g  for  4  min.  The  supernatant  was  sep¬ 
arated  and  centrifuged  again  at  14,000  X  g  for  10  min.  The  pellet  was 
resuspended  in  15  ml  of  the  ice-cold  isolation  buffer  without  BSA  and 
kept  on  ice,  and  30  /ri  of  digitonin  (10%  stock  solution  in  DMSO)  was 
added.  After  a  4  min  incubation  with  occasional  stirring  by  slow  inver¬ 
sion  of  tubes,  the  suspension  was  diluted  with  15  ml  of  ice-cold  isolation 
buffer  containing  BSA  and  centrifuged  at  14,000  X  g  for  10  min.  The 
pellet  was  resuspended  in  8  ml  of  ice-cold  isolation  buffer  containing 
neither  BSA  nor  EGTA  and  centrifuged  again  at  14,000  X  g  for  10  min. 
The  final  pellet  containing  mitochondria  of  both  synaptosomal  and  non- 
synaptosomal  origin  was  resuspended  in  isolation  buffer  without  EGTA 
and  BSA  to  a  concentration  of 25-30  mg  of  protein/ml,  stored  on  ice,  and 
used  within  5  hr. 

Alternatively,  nonsynaptosomal  rat  and  mouse  forebrain  mitochon¬ 
dria  were  isolated  by  the  Percoll  gradient  separation  method  as  described 
(Sims,  1990),  and  measurements  of  H^02  production  and  respiration 
were  performed.  The  Percoll  gradient-isolated  mitochondria  generally 
exhibited  higher  H202  and  respiration  rates  than  digitonin-isolated  mi¬ 
tochondria  when  expressed  per  milligram  of  mitochondrial  protein, 
however  the  difference  was  not  qualitative  and  would  not  justify  repeat¬ 
ing  all  the  experiments  reported  here  with  mitochondria  isolated  by  both 
methods.  Therefore,  only  the  data  obtained  with  mitochondria  isolated 
by  the  digitonin  procedure  are  presented  here,  unless  indicated 
otherwise. 

Respiration  of  isolated  mitochondria  was  measured  at  37°C  with  a 
commercial  Clark-type  oxygen  electrode  (Hansatech,  Norfolk,  UK).  The 
incubation  medium  composition  and  respiratory  substrates  are  indi¬ 
cated  in  the  legends  to  the  figures. 

The  quality  of  the  mitochondrial  preparation  was  estimated  by  mea¬ 
suring  the  acceptor  control  ratio  (ACR)  defined  as  ADP-stimulated  (state 
3)  respiration  divided  by  resting  (state  4)  respiration.  For  these  experi¬ 
ments,  the  incubation  medium  consisted  of  (in  mM)  125  KC1,  20  HEPES, 


pH  7.0,  2  KH2P04,  1  MgCl2,  5  glutamate,  5  malate,  and  0.8  ADP.  State  3 
respiration  was  initiated  by  the  addition  of  0.5  mg/ ml  brain  mitochon¬ 
dria  to  the  incubation  medium.  State  3  respiration  was  terminated,  and 
state  4  was  initiated  by  the  addition  of  1  /cm  carboxyatractylate,  an  inhib¬ 
itor  of  the  ADP/ ATP  transporter.  Only  mitochondrial  preparations  that 
exhibited  an  ACR  of  >8  were  used  in  this  study. 

Membrane  potentials  of  isolated  mitochondria  were  estimated  using 
the  fluorescence  of  safranine  O  (3  /n m)  with  excitation  and  emission 
wavelengths  of  495  and  586  nm,  respectively  (Votyakova  and  Reynolds, 
2001;  Starkov  et  al.,  2002). 

KGDHC  activity  in  mouse  mitochondria  was  measured  fluorimetri- 
cally.  The  reaction  medium  was  composed  of  50  mM  KC1, 10  mM  HEPES, 
pH  7.4,  20  jug/ml  alamethicin,  0.3  mM  thiamine  pyrophosphate  (TPP), 
10  /cm  CaCl2,  0.2  mM  MgCl2,  5  mM  a-ketoglutarate,  1  /cm  rotenone,  and 
0.2  mM  NAD  +.  The  reaction  was  started  by  adding  0.14  mM  CoASH  to 
permeabilized  mitochondria  (0.1-0.25  mg/ml).  Reduction  of  NAD  + 
was  followed  at  460  nm  emission  after  excitation  at  346  nm.  The  scale  was 
calibrated  by  adding  known  amounts  of  freshly  prepared  NADPH. 
KGDHC  and  pyruvate  dehydrogenase  complex  (PDHC)  activity  in 
rat  brain  mitochondria  were  measured  in  the  same  way,  except  that 
reduction  of  NAD  +  was  followed  by  absorbance  changes  at  340  nm 
using  the  extinction  coefficient,  E340mM  =  6.22  cm-1. 

Succinate  dehydrogenase  activity  was  measured  spectrophotometri- 
cally  as  described  previously  (Arrigoni  and  Singer,  1962).  The  reaction 
medium  was  composed  of  50  mM  KC1,  10  mM  HEPES,  pH  7.4,  20  /zg/ml 
alamethicin,  10  mM  succinate,  2  mM  KCN,  1  /cm  rotenone,  50  /cm 
2,3-dimethoxy-5-methyl-6-decyl-l,4-benzoquinone,  50  /cm  2,6-di- 
chlorophenol  indophenol,  and  20  /cm  EDTA;  reaction  was  monitored  at 
600  nm,  and  the  activity  was  calculated  using  E  “mM  =  21  cm  _ 1  for 
2,6-dichlorophenol  indophenol. 

Measurement  of  hydrogen  peroxide  was  performed  as  follows.  The 
incubation  medium  contained  125  mM  KC1, 20  mM  HEPES,  pH  7.0, 2  mM 
KH2P04, 4  mM  ATP,  5  mM  MgCl2, 1  jlim  Amplex  Red,  5  U/ml  horseradish 
peroxidase  (HRP),  and  20  U/ml  Cu,ZnSOD  and  was  maintained  at  37°C. 
A  change  in  the  concentration  of  H202  in  the  medium  was  detected  as  an 
increase  in  Amplex  Red  fluorescence  using  excitation  and  emission 
wavelengths  of  585  and  550  nm,  respectively.  The  response  of  Amplex 
Red  to  H202  was  calibrated  either  by  sequential  additions  of  known 
amounts  of  H202  or  by  continuous  infusion  of  H202  at  100-1000  pmol/ 
min.  The  concentration  of  commercial  30%  H,02  solution  was  calcu¬ 
lated  from  light  absorbance  at  240  nM  using  E240mM  =  43.6  cm-1;  the 
stock  solution  was  diluted  to  100  /cm  with  water  and  used  for  calibration 
immediately. 

It  is  to  be  noted  that  HRP  catalyzes  the  oxidation  of  NADH  that  might 
result  in  an  underestimation  of  H202  in  an  HRP-dependent  assay,  such 
as  a  classical  scopoletin-HRP  assay  or  Amplex  Red-HRP  assay  used  in 
our  study.  However,  it  was  found  that  although  NADH  can  react  with  the 
oxidized  form  of  HRP,  it  cannot  effectively  compete  with  scopoletin  in  an 
HRP-scopoletin  H202  assay  (Marquez  and  Dunford,  1995).  Further¬ 
more,  rat  brain  mitochondria  contain  ~5  nmol  of  total  NAD/mg  protein 
(C.  Chinopoulos,  unpublished  observations)  similar  to  the  amount 
found  in  mitochondria  from  other  tissues  (3-7  nmol  of  total  NAD/mg 
mitochondrial  protein)  (Tischler  et  al.,  1977;  Di  Lisa  et  al.,  2001).  We 
have  previously  demonstrated  that  under  the  experimental  conditions 
used  in  this  study,  rat  brain  mitochondria  did  not  release  more  than 
—  15%  of  their  total  NAD  content  (Chinopoulos  et  al.,  2003).  Similar 
amounts  of  NADH  added  exogenously  did  not  affect  the  H202  rates 
detected  by  the  Amplex  Red-HRP  assay  (data  not  shown). 

Superoxide  production  was  followed  spectrophotometrically  with 
partially  acetylated  cytochrome  c  (Azzi  et  al.,  1975)  and  calculated  from 
cytochrome  c  absorbance  at  550-540  nm  using  extinction  coefficient 
jj55o-54omM  _  2  cm-1. 

The  mitochondrial  NADPH  reduction  state  was  measured  fluori- 
metrically  using  an  excitation  wavelength  of  346  nm  and  an  emission 
wavelength  of  460  nm.  Maximal  NADPH  reduction  was  defined  as  the 
absorbance  observed  after  the  addition  of  the  electron  transport  chain 
complex  I  inhibitor  rotenone  (1  /am),  and  maximal  oxidation  was  de¬ 
fined  as  the  absorbance  obtained  in  the  presence  of  the  saturating 
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amounts  of  respiratory  uncoupler  carbonyl  cyanide  p-trifluoro- 
methoxyphenylhydrazone  (FCCP)  (120-160  pmol/mg  mitochondria). 

Ubiquinones  were  extracted  from  frozen-thawed  and  sonicated  mito¬ 
chondrial  samples  into  hexane  using  coenzyme  Q6  as  an  internal  stan¬ 
dard.  Samples  were  analyzed  by  HPLC  using  an  MDA-50  (ESA,  Chelms¬ 
ford,  MA)  column  and  gradient  separation.  The  detector  was  an  eight- 
channel  electrochemical  array  detector  (CoulArray  5600;  ESA) 
consisting  of  a  series  of  five  increasing  oxidation  potentials  (ending  with 
+  800  mV)  before  a  reducing  channel  of  —  800  mV  and  two  additional 
oxidizing  channels  at  +5  and  +200  mV.  Measurements  were  made  on 
the  final  +200  mV  channel  (Gamache,  1999). 

Mitochondrial  protein  was  estimated  by  the  Biuret  method. 

Statistical  analysis.  Data  are  expressed  as  mean  ±  SEM.  Statistical  anal¬ 
ysis  was  performed  using  Student’s  t  test. 

Results 

Previous  attempts  to  understand  the  mechanisms  of  ROS  pro¬ 
duction  by  mitochondria  have  been  hampered  by  the  low  sensi¬ 
tivity  of  ROS  detection  methods  and  have  therefore  used  inhibi¬ 
tors  of  either  complex  I  or  III  of  the  respiratory  chain  to  maximize 
ROS  production.  Recently,  a  novel  fluorescent  probe  for  H202, 
AmplexRed  (10-acetyl-3,7-dihydroxyphenoxazine)  (Zhouetal., 
1997),  has  become  available  that  is  suitable  for  measurements 
with  isolated  mitochondria  (Votyakova  and  Reynolds,  2001; 
Kushnareva  et  al.,  2002).  We  have  determined  that  it  is  suffi¬ 
ciently  sensitive  and  its  fluorescent  response  is  linearly  related  to 
H202  even  at  levels  that  are  generated  by  mitochondria  in  the 
absence  of  respiratory  chain  inhibitors  (data  not  shown).  With 
Amplex  Red,  it  was  possible  to  perform  reliable  measurements  of 
H202  emission  rates  with  the  NAD  +  -dependent  respiratory  sub¬ 
strates  malate,  pyruvate,  citrate,  glutamate,  and  a-ketoglutarate 
and  with  succinate  and  compare  them  with  rates  of  02  consump¬ 
tion  and  the  level  of  NADPH  reduction  of  isolated  rat  and  mouse 
brain  mitochondria. 

Figure  1  shows  typical  fluorescent  recordings  of  H202  produc¬ 
tion  by  isolated  rat  brain  mitochondria  oxidizing  NAD+- 
dependent  substrates  or  succinate.  H202  generation  was  depen¬ 
dent  on  the  addition  of  a  respiratory  substrate  (succinate)  (Fig.  1, 
curve  a)  or  a-ketoglutarate  (Fig.  1,  curves  b,  c)  and  was  sup¬ 
pressed  by  mitochondrial  uncoupler  FCCP  (Fig.  1,  curves  a,  b). 

With  NAD  + -dependent  substrates,  H202  production  was 
stimulated  by  rotenone,  which  inhibits  NADH  oxidation  at  com¬ 
plex  I  (Fig.  1,  curves  b,  c).  However,  rotenone  inhibited 
succinate-supported  H202  production,  indicating  that  it  was  fu¬ 
eled  by  reverse  electron  transfer  from  succinate  to  a  site  in  com¬ 
plex  I  (Turrens,  1997).  With  both  types  of  substrates,  H202  pro¬ 
duction  was  stimulated  by  an  inhibitor  of  complex  III  (antimycin 
A)  that  increases  the  coenzyme  Q  semiquinone  level  (Turrens, 
1997).  With  both  types  of  substrates,  H202  production  was  un¬ 
affected  by  the  addition  of  NAD+  (only  the  data  with 
a-ketoglutarate  is  presented)  (Fig.  1,  curve  c).  It  is  well  known  that 
the  inner  mitochondrial  membrane  is  impermeable  to  NAD  +. 

It  is  important  to  note  that  H202  production  in  the  presence 
of  a  complex  I  inhibitor  (rotenone)  was  two  to  three  times  higher 
with  a-ketoglutarate  than  that  with  succinate  (Fig.  1).  Previously, 
we  (Korshunov  et  al.,  1997;  Starkov  et  al.,  2002;  Starkov  and 
Fiskum,  2003)  and  others  (Hansford  et  al.,  1997;  Votyakova  and 
Reynolds,  200 1 )  demonstrated  that  regardless  of  the  nature  of  the 
respiratory  substrate,  rates  of  H202  production  were  directly  re¬ 
lated  to  the  magnitude  of  the  membrane  potential  of  mitochon¬ 
dria.  However,  the  difference  in  H202  production  demonstrated 
in  Figure  1  cannot  be  explained  by  the  difference  in  the  mem¬ 
brane  potential  because  the  concentration  of  FCCP  (120 
pmol/mg  mitochondria)  used  in  these  experiments  was  selected 


Figure  1.  H202  production  by  rat  brain  mitochondria  oxidizing  a-ketoglutarate  or  succi¬ 

nate.  Medium  (37°C)  contained  125  mM  KCI,  2  mM  MgCI2, 0.2  mM  EGTA,  2  mM  KH2P04, 10  mM 
HEPES,  pH  7.2, 5  ll/ml  HRP,  20  U/ml  superoxide  dismutase,  and  1  ;um  Amplex  Red.  Curve  a,  Rat 
brain  mitochondria  oxidizing  succinate  (10  mM);  curves  b  and  c,  rat  brain  mitochondria  oxidizing 
a-ketoglutarate.  Additions  included  0.25  mg/ml  rat  brain  mitochondria  (Mito),  5  mM 
a-ketoglutarate  (a-Keto),  0.5  /lim  rotenone  (Rot),  1  mM  NAD  +,  1 20  pmol/mg  FCCP,  and  1  jlim 
antimycin  (Ant.A).  Numbers  near  the  tracings  indicate  the  rates  of  H202  production  in  picomoles 
per  minute  per  milligram  of  mitochondrial  protein.  Typical  tracings  are  shown. 

to  completely  uncouple  mitochondria  so  that  no  membrane  po¬ 
tential  could  be  detected  under  these  conditions  by  either  the 
TPP  +  electrode  or  safranine  fluorescence  method,  and  no  addi¬ 
tional  increase  in  FCCP  concentration  would  stimulate  the  res¬ 
piration  of  brain  mitochondria  (data  not  presented).  Previously, 
we  demonstrated  that  at  such  low  values  the  membrane  potential 
no  longer  affects  the  H202  production  supported  by  either  suc¬ 
cinate  (Korshunov  et  al.,  1997)  or  a  NAD-dependent  substrate 
(Starkov  and  Fiskum,  2003). 

We  (Starkov  and  Fiskum,  2003)  and  others  (Kushnareva  et  al., 
2002)  also  observed  that  with  a  NAD  + -dependent  substrate,  the 
rate  of  H202  production  was  apparently  modulated  by  the  level  of 
NADPH  reduction  in  mitochondria.  However,  it  is  obvious  that 
such  a  modulation  could  not  explain  the  finding  that  rotenone 
inhibition  of  complex  I  induced  much  higher  H202  production 
when  a-ketoglutarate  was  the  substrate  (Fig.  1,  traces  b,  c)  com¬ 
pared  with  succinate-supported  H202  production  (Fig.  1,  trace 
a).  In  these  experiments,  a  sufficiently  high  concentration  of  ro¬ 
tenone  was  used  (0.5  /jl m)  that  completely  inhibited  NADH  oxi¬ 
dation  (judging  by  the  complete  inhibition  of  respiration  with 
pyruvate  plus  malate  or  glutamate  plus  malate;  data  not  shown). 
Intuitively,  one  would  expect  essentially  similar  levels  of  the  in- 
tramitochondrial  NADPH  reduction  state  when  the  oxidation  of 
NADH  is  completely  inhibited  with  rotenone,  as  in  our  experi¬ 
ments.  If  mitochondrial  complex  I  is  a  sole  source  of  H202  under 
such  conditions,  it  seems  difficult  to  understand  why  rotenone- 
inhibited  complex  I  produces  less  H202  when  its  substrate 
NADH  was  reduced  by  succinate  rather  than  by  a-ketoglutarate. 


7782  •  J.  Neurosci.,  September,  2004  •  24(36):7779-7788 


Starkov  et  al.  •  KGDHC  Generates  ROS 


60 


“50 

X 

t40 

I 

±30 

o 

E 

320 


;io 


Citrate  t 

A' 


20 


CD 

E 

^250| 

fc 

^200 

X 

O 

El  50 
a 

$100 

5  50 


B 


a-Ketoglutarate 

4- 


Pyruvate 


It  appeared  that  rates  of  H202  produc¬ 
tion  varied  significantly  among  different 
NAD  +  -linked  substrates  both  in  the  ab¬ 
sence  (Fig.  2  A)  and  in  the  presence  (Fig.  2  B) 
of  the  complex  I  inhibitor  rotenone.  The 
rates  of  H2Oz  generation  were  not  directly 
related  to  relative  rates  of  state  4  (Fig.  2 C)  or 
state  3  (Fig.  2D)  respiration.  With  most 
NAD  + -dependent  substrates,  there  was  a 
reasonably  good  correlation  between  the 
level  of  NADPH  reduction  and  the  rate  of 
H202  emission.  However,  a-ketoglutarate- 
supported  H202  production  was  higher 
than  expected  under  both  conditions  and 
did  not  correlate  with  the  level  of  reduction 
of  matrix  pyridine  nucleotides  in  either  the 
presence  or  absence  ofrotenone  (Fig.  2  A,B). 

We  therefore  hypothesized  that  KGDHC  it¬ 
self  could  be  a  significant  source  of  ROS. 

In  intact  mitochondria,  the  activity  of 
all  dehydrogenases  can  affect  each  other 
through  the  common  pool  of  pyridine 
nucleotides  and  through  the  inter-con- 
version  of  tricarboxylic  acid  (TCA)  cycle 
metabolic  intermediates.  To  test  whether 
the  rate  of  H202  production  is  substrate 
selective  in  the  absence  of  this  inter¬ 
conversion,  we  made  mitochondria  freely 
permeable  to  metabolites  and  other  small 
molecules  by  the  addition  of  the  pore¬ 
forming  peptide  alamethicin  (Gostim- 
skaya  et  al.,  2003).  This  treatment  did  not 
result  in  loss  of  malate  dehydrogenase, 
pyruvate  dehydrogenase,  or  KGDHC  ac¬ 
tivities  from  the  mitochondria  (data  not  shown).  Figure  3  shows 
that  adding  a-ketoglutarate  stimulated  H2Oz  production  in  both 
alamethicin-permeabilized  (Fig.  3,  curves  a,  c)  and  intact  (Fig.  3, 
curve  b)  rat  brain  mitochondria.  Coenzyme  A  (CoA),  a  cofactor 
of  KGDHC,  stimulated  H202  production  only  in  alamethicin- 
treated  mitochondria  (Fig.  3,  curves  a,  c)  because  it  is  imperme¬ 
able  to  the  inner  membrane  of  intact  mitochondria  (Fig.  3,  curve 
b);  the  addition  of  alamethicin  stimulated  H202  production  in 
intact  mitochondria  by  rendering  their  inner  membrane  perme¬ 
able  to  CoA  (Fig.  3,  curve  b).  Catalase  almost  completely  sup¬ 
presses  H202  production  (Fig.  3,  curve  c).  Under  these  condi¬ 
tions,  the  now-permeant  NAD +  inhibited  H202  production 
(Fig.  3,  curves  a-c),  whereas  rotenone  (Fig.  3,  curves  a,  b)  stim¬ 
ulated  production  because  its  ability  to  inhibit  complex  I  of  the 
mitochondrial  electron  transport  chain  does  not  require  an  intact 
inner  membrane.  It  causes  net  reduction  of  NAD  +  to  NADH  and 
thereby  overreduction  of  complex  I  and  complex  I-mediated 
ROS  production  in  both  intact  and  permeabilized  mitochondria. 

Results  shown  in  Figure  4  indicate  that  both  PDHC  and 
KGDHC  produce  superoxide.  The  maximum  superoxide  pro¬ 
duction  rate  was  obtained  in  the  presence  of  all  the  same  enzyme 
cofactors  and  substrates  as  needed  for  a  normal  enzymatic  reac¬ 
tion  catalyzed  by  these  enzyme  complexes.  However,  KGDHC 
produced  approximately  twice  as  much  superoxide  as  PDHC 
(Fig.  4).  As  with  permeabilized  mitochondria  (Fig.  3),  NAD  + 
inhibited  superoxide  production  (Fig.  4).  Malate  dehydrogenase 
in  the  presence  of  either  malate  or  oxaloacetate  did  not  produce 
detectable  amounts  of  superoxide  (data  not  shown). 

Both  PDHC  and  KGDHC  also  produced  H202.  We  explored 
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Figure  2.  A  typical  relationship  between  H202  production  rates  by  rat  brain  mitochondria  oxidizing  various  substrates  and  the 
corresponding  levels  of  reduction  mitochondrial  pyridine  nucleotides  and  the  rates  of  respiration,  i,  AH202  production  by  rat  brain 
mitochondria  in  state  4.  ANADPH  was  obtained  by  measuring  the  difference  in  NADPH  fluorescence  both  in  the  absence  and  in  the 
presence  of  1 60  pmol/mg  FCCP.  ANADPH  in  the  presence  of  succinate  was  taken  as  1 00%.  H202  production  in  the  presence  of 
succinate  was  1 123  ±  71  pmol/min/mg  (data  not  shown).  Ihe  H202  production  rate  in  the  presence  of  FCCP  was  subtracted  from 
that  in  the  absence  of  the  uncoupler  and  presented  as  AH202.  B,  AH202  production  rate  plotted  against  ANADPH  in  the  presence 
of  1  fj.M  rotenone.  C,  H202  production  rate  plotted  against  the  rate  of  respiration  by  mitochondria  in  state  4.  D,  H202  production  rate 
plotted  against  the  rate  of  respiration  by  mitochondria  in  state  3.  Incubation  medium  (see  Fig.  1 )  was  maintained  at  37°C.  For  D 
only,  state  3  respiration  was  initiated  by  adding  0.4mM  ADP  to  mitochondrial  suspension.  Substrates  were  present  atthefollowing 
concentrations:  malate  and  glutamate,  5  mM  plus  5  mM;  a-ketoglutarate,  7  rim;  succinate,  5  mM;  citrate,  5  mM;  pyruvate,  10  mM; 
glutamate,  5  mM;  malate,  5  mM.  Mitochondria  were  added  at  0.5  mg/ml. 


Figure  3.  H202  production  by  permeabilized  rat  brain  mitochondria.  Incubation  medium 

was  composed  of  225  mM  mannitol,  75  mM  sucrose,  10  mM  HEPES-KOH,  pH  7.4, 2  mM  KH2P04, 1 
mM  MgCI2 , 0.25  mM  EGIA,  48  /am  thiamine,  5  U/ml  HRP,  20  ll/ml  superoxide  dismutase,  and  1 
jiiM  Amplex  Red  (f  =  37°C).  Curve  a,  Mitochondria  (Mito;  1  mg)  were  incubated  for  5  min  with 
20  fig/mg  alamethicin,  then  centrifuged  at  20,000  X  g  for  10  min  and  resuspended  at  0.5 
mg/ml  for  H202  measurement;  curve  b,  intact  rat  brain  mitochondria;  curve  c,  mitochondria 
were  pretreated  as  in  curve  a;  0.25  mg/ml  catalase  was  included  into  the  incubation  medium. 
Additions  included  10  mM  a-ketoglutarate  (a-Ktg),  0.2  mM  NAD  +,  0.12  mM  CoASH  (CoA),  1  ju,m 
rotenone  (Rot),  and  20  jiig/mg  alamethicin  (Ala). 


Starkov  et  al.  •  KGDHC  Generates  ROS 


J.  Neurosci.,  September  8, 2004  •  24(36)7779  -7788  •  7783 


Figure  4.  Cofactor  and  substrate  dependence  of  superoxide  production  by  isolated  KGDHC 
and  PDHC.  Superoxide  production  was  measured  as  described  in  Materials  and  Methods.  Incu¬ 
bation  medium  contained  50  mM  KH2P04  buffer,  pH  7.8, 50  p,M  acetylated  cytochrome  c,  10  /am 
CaCI2 ,  and  0.2  mM  MgCI2 ,  maintained  at  f  =  37°C.  Where  indicated,  0.1 2  mM  CoASH,  0.3  mM 
TPP,  40  U/ml  superoxide  dismutase  (SOD),  2  mM  NAD  +,  and  either  10  mM  ketoglutarate  (for 
KGDHC)  or  7  mM  pyruvate  (for  PDHC)  were  included  into  the  incubation  medium  (substrate). 
Reaction  was  started  by  adding  0.9  -3.6  U/ml  PDHC  or  0.6  -2.4  U/ml  KGDHC. 


Figure  5.  CoA-SH  dependence  of  H202  production  by  isolated  KGDHC.  H202  production  was 
measured  as  described  in  Materials  and  Methods.  Incubation  medium  contained  50  mM  KH2P04 
buffer,  pH  7.8, 10  ycLM  CaCI2 , 0.2  mMMgCI2,0.3  mM  TPP,  40  U/ml  superoxide  dismutase  (SOD), 
5  U/ml  HRP,  and  1  /iiM  Amplex  Red,  maintained  at  f  =  37°C.  Medium  was  supplemented  with 
10  mM  ketoglutarate. 

the  substrate  and  cofactor  dependence  for  H202  production  and 
for  NAD  +  reduction  catalyzed  by  KGDHC.  The  H2Oz  produc¬ 
tion  rate  by  isolated  KGDHC  exhibited  hyperbolic  dose  depen¬ 
dence  to  concentrations  of  CoA-SH  (Fig.  5)  and  a-ketoglutarate 
(data  not  shown;  more  details  can  be  found  in  an  accompanying 
report  by  Tretter  and  Adam- Vizi,  2004).  However,  CoA-SH  re¬ 
quirements  for  maximum  H202  production  appeared  to  be 
much  lower  than  that  for  maximum  NAD  +  reduction;  the  ap¬ 
parent  Km  for  CoASH  was  ~0.03  p,M  for  H202  production  (Fig. 
5),  whereas  the  Km  for  NAD  +  reduction  was  ~30  p,M  (data  not 
shown). 

We  also  measured  enzymatic  activities  of  PDHC  and  KGDHC 
in  alamethicin-permeabilized  rat  brain  mitochondria  (see  Mate¬ 
rials  and  Methods).  We  found  that  PDHC  activity  was  0.245 


Figure  6.  Activity  of  selected  mitochondrial  enzymes  in  brain  mitochondria  isolated  from 
Dld-deficient  mice  compared  with  their  littermate  controls.  A,  Activity  of  KGDHC  and  PDHC.  B, 
Activity  of  complex  I  (NADH:Q1  reductase)  and  SDH.  KGDHC,  PDHC,  and  SDH  activities  were 
measured  as  described  in  Materials  and  Methods.  Mitochondrial  complex  I  was  measured  with 
frozen-thawed  mitochondrial  samples  fluorimetrically  by  following  coenzyme  Q1  -induced 
rotenone-sensitive  NADH  oxidation  at  346  nm  excitation  and  460  nm  emission.  Incubation 
medium  was  composed  of  1 25  mM  KCI,  2  mM  MgCI2 , 2  mM  KH2P04 , 0.2  mg/ml  BSA,  1 0  frM  CaCI2, 
2  mM  KCN,  50  /ulm  NADH,  20  /ag/ml  alamethicin,  and  0.08  -  0.09  mg/ml  mitochondria,  at  f  = 
37°C.  Reaction  was  started  by  adding  40  /lim  coenzyme  Q1  and  terminated  by  adding  1  /lim 
rotenone.  Complex  I  activity  was  calculated  as  the  difference  between  the  NADH  oxidation  rate 
in  the  presence  and  in  the  absence  of  rotenone  and  presented  in  nanomole  of  NADH  per  minute 
per  milligram.  The  scale  was  calibrated  by  adding  known  amounts  of  freshly  prepared  NADH. 

U/mg  mitochondria  and  that  of  KGDHC  was  0.215  U/mg.  As¬ 
suming  that  PDHC  and  KGDHC  produce  superoxide  (Fig.  4)  as 
their  primary  ROS,  and  that  two  superoxide  molecules  dismutate 
to  produce  one  H202  molecule,  we  calculated  that  mitochondria 
produce  a  maximum  of  ~560  pmol  of  H202/mg  protein  with 
a-ketoglutarate  as  substrate  and  ~330  pmol  of  H202/mg  protein 
with  pyruvate,  whereas  minimum  rates  (in  the  presence  of 
NAD  +  )  are  ~70  and  ~90  pmol  of  H202/mg  protein,  respec¬ 
tively.  These  values  are  remarkably  similar  to  the  actual  rates  of 
H202  production  observed  with  rat  brain  mitochondria,  partic¬ 
ularly  for  a-ketoglutarate  (Figs.  1-3).  Altogether,  these  results 
indicate  that  the  Did  component  of  KGDHC,  and  to  a  lesser 
degree  of  PDHC,  may  be  an  important  constitutive  source  of 
ROS  in  mitochondria. 

Additional  experiments  used  brain  mitochondria  isolated 
from  knock-out  heterozygous  mice  deficient  in  Did  (Dld+/_). 
Although  Did  is  shared  between  PDHC  and  KGDHC,  a  defi¬ 
ciency  in  Did  affected  primarily  mitochondrial  KGDHC  enzyme 
activity  (Fig.  6A).  As  expected,  maximum  respiration  rates  were 


reduced  only  when  a 

-ketoglutarate 

was  oxidized; 

there  was  no 

significant  difference 

in  maximum  respiration  rates  or  respira- 

Table  1 .  Respiration  of  mouse  brain  mitochondria  with  different  substrates 

Substrate 

State  3 

State  4 

ACR 

Pyruvate  plus  malate 

Dld+/+ 

95.6  ±  9.7 

6.2  ±  1.1 

16.1  ±  1.3 

Dld+/— 

96.7  ±  5.7 

6.7  ±  0.4 

14.5  ±  1.0 

Glutamate  plus  malate 

Dld+/+ 

98.4  ±11.8 

7.4  ±  0.9 

13.4  ±  1.1 

Did— /+ 

87.4  ±  8.3 

6.6  ±  0.8 

13.5  ±  1.0 

a-Ketoglutarate 

Dld+/+ 

40.2  ±  6.7 

8.4  ±  1.4 

4.9  ±  0.4 

Did— /-»- 

26.8  ±  1.6 

6.7  ±  0.7 

4.1  ±  0.2 

Succinate 

Dld+/+ 

38.7  ±  3.2 

23.0  ±  2.6 

1.7  ±  0.1 

Did— /+ 

36.2  ±  4.7 

21.8  ±  1.4 

1.6  ±  0.1 

Mitochondria  were  isolated  from  brains  of  Dld-deficient  mice  and  their  littermate  wild-type  mice.  Incubation  me¬ 
dium  was  as  in  Figure  7.  Substrates  were  added  at  the  following  concentrations:  pyruvate  plus  malate,  7  plus  1  mM; 
glutamate  plus  malate,  5  plus  5  mM;  a-ketoglutarate,  5  mM;  succinate  (in  the  absence  of  rotenone),  5  mM.  State  4 
was  induced  by  carboxyatractylate.  Respiration  was  measured  as  described  in  Materials  and  Methods.  The  numbers 
represent  respiration  rates  expressed  in  nanomoles  of  02  per  minute  per  milligram  of  mitochondria.  ACR,  Acceptor 
control  index. 
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tory  control  index  when  mitochondria 
oxidized  pyruvate  plus  malate,  gluta¬ 
mate  plus  malate,  or  succinate  (Table  1). 

Therefore,  Did  deficiency  apparently 
did  not  indirectly  affect  other  parts  of 
the  respiratory  chain,  such  as  complex  I 
or  complex  III.  Measurements  of  com¬ 
plex  land  complex  II  activity  in  alamethicin- 
permeabilized  mitochondria  supported  this 
conclusion  (Fig.  6 B).  However,  H202  pro¬ 
duction  rates  by  Did  + 1 ~  mitochondria  were 
significantly  reduced  with  either  succinate 
or  a-ketoglutarate  during  state  4  respiration 
(Fig.  7 A)  and  were  similarly  reduced  in  the 
presence  of  the  respiratory  chain  inhibi¬ 
tors  rotenone  (Fig.  7 B)  and  antimycin  A 
(Fig.  7C). 

Generally,  the  rate  of  H2Oz  generation 
depends  on  the  magnitude  of  the  mito¬ 
chondrial  membrane  potential  (Hansford 
et  al.,  1997;  Korshunov  et  al.,  1997;  Votyakova  and  Reynolds, 
2001;  Starkov  et  al.,  2002;  Starkov  and  Fiskum,  2003),  which  in 
turn  depends  on  the  metabolic  state  and  the  quality  (“coupling”) 
of  mitochondria.  Did  +  /~  mitochondria  are  deficient  in  KGDHC 
and  therefore  may  possess  lower  membrane  potential  than 
Dld+/+  mitochondria.  The  Percoll  isolation  procedure  yields 
very  tightly  coupled,  mostly  nonsynaptic  mitochondria  possess¬ 
ing  high  membrane  potential.  Therefore,  we  used  Percoll- 
isolated  (see  Materials  and  Methods)  mitochondria  to  measure 
the  membrane  potential  and  H202  production  by  mouse  brain 
mitochondria.  It  appeared  that  the  amplitude  of  the  membrane 
potential  was  virtually  identical  in  both  Dld+/+  and  Dld+/~ 
mitochondria  oxidizing  either  succinate  (Fig.  8A)  or 
a-ketoglutarate  (Fig.  8 B)  either  in  the  presence  of  ADP  or  in 
the  resting  state.  Nevertheless,  Dld+/~  mitochondria  pro¬ 
duced  significantly  less  H202  (Fig.  9)  than  Dld+/+  mitochon¬ 
dria  under  all  metabolic  conditions,  except  state  3  (Fig.  9A). 

We  also  measured  the  content  and  composition  of  coenzymes 
Q  in  mitochondrial  membrane  because  there  are  several  reports 
that  the  Q9/Q10  ratio  and  the  total  amount  of  coenzyme  Q  can 
affect  ROS  production  (Boveris  and  Chance,  1973;  Lass  et  al., 
1997;  Lass  and  Sohal,  1999, 2000).  There  was  no  difference  in  the 
Q9/Q10  ratio  or  coenzymes  Q  content  in  mitochondria  from 
Did  +/_  mice  compared  with  their  littermate  controls  (Fig.  10). 

Discussion 

Our  data  suggest  that  complex  I  of  the  mitochondrial  electron 
transport  chain  is  not  the  exclusive  source  of  H202  and  that  the 
Did  components  of  KGDHC  and  PDHC  are  substantial  consti¬ 
tutive  sources  of  free  radicals  in  rat  and  mouse  brain  mitochon¬ 
dria  under  conditions  of  the  elevated  mitochondrial  NADPH/ 
NADP  +  ratio. 

Complex  I  of  the  mitochondrial  electron  transport  chain  has 
been  viewed  as  a  major  site  of  mitochondrial  ROS  production 
(Barja,  1999;  Herrero  and  Barja,  2000;  Lenaz,  2001;  Sipos  et  al., 
2003).  However,  there  are  no  data  yet  that  demonstrate  that  com¬ 
plex  I  is  the  major  site  of  ROS  production  in  intact  mitochondria, 
in  the  absence  of  respiratory  chain  inhibitors.  There  are  three 
principal  types  of  experiments  that  contributed  to  the  concept 
that  complex  I  is  a  major  ROS-producing  site:  (1)  experiments 
demonstrating  that  isolated  complex  I  preparations  generate 
ROS  in  the  presence  of  NADH;  (2)  experiments  with  rotenone- 
inhibited  mitochondria  oxidizing  NAD-dependent  substrates; 
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Figure  7.  Hydrogen  peroxide  production  by  brain  mitochondria  isolated  from  Dld-deficient  mice  compared  with  their  litter¬ 
mate  wild-type  mice.  Incubation  medium  was  as  in  Figure  1,  except  that  EGTA  was  omitted  and  0.4  mM  ADP  and  0.2  mg/ml  B5A 
were  included.  Where  indicated,  5  mM  succinate  or  5  mM  a-ketoglutarate  A  were  included  into  the  medium.  Ihe  sequence  of 
additions  was  as  follows:  mitochondria  (0.125  mg/ml)  were  added  into  the  incubation  medium  and  incubated  for  2  min,  then 
phosphorylation  was  inhibited  with  1 .2  /am  carboxyatractylate  and  H202  production  was  measured  as  described  in  Materials  and 
Methods  (state  4);  then  1  /am  rotenone  and,  finally,  1  /cm  antimycin  A  were  added  into  the  incubation  medium.  4,  H202  production 
in  state  4.  B,  H202  production  induced  by  rotenone.  f,  H202  production  induced  by  antimycin  A.  In  fifor  a-ketoglutarate  only  and 
in  C for  both  a-ketoglutarate  and  succinate,  the  presented  rate  of  H202  production  was  obtained  by  subtracting  the  rate  of  H202 
production  in  state  4  from  the  rate  induced  by  rotenone  ( B)  and  the  rate  in  the  presence  of  rotenone  from  that  was  induced  by 
antimycin  A  (0- 


Figure  8.  Ihe  membrane  potential  of  mouse  brain  mitochondria  oxidizing  succinate  or 
a-ketoglutarate.  Mouse  brain  mitochondria  were  isolated  by  the  Percoll  gradient  procedure 
(see  Materials  and  Methods).  Incubation  medium  contained  125  mM  KCI,  2  mM  MgCI2, 2  mM 
KH2P04, 10  mM  HEPES,  pH  7.2,  0.2  mg/ml  BSA,  0.2  mM  ADP,  5  mM  succinate  (4)  or  5  mM 
a-ketoglurate  (fi),  and  1  /am  safranin  0.  Additions  included  0.25  mg/ml  mouse  brain  mito¬ 
chondria  (Mito),  1  fj. m  rotenone  (Rot),  1  /am  carboxyatractylate  (cAtr),  and  1  /am  antimycin  A 
(Ant  A).  lypical  tracings  are  shown.  Solid  lines,  Dld+/+  mitochondria;  dotted  lines,  Dld+/~ 
mitochondria. 


and  (3)  experiments  with  isolated  mitochondria  under  condi¬ 
tions  favoring  reverse  electron  transfer  from  succinate  to  com¬ 
plex  I.  The  latter  reaction  generates  large  amounts  of  ROS  (Fig.  1, 
curve  a)  (Turrens,  1997;  Lenaz,  2001;  Votyakova  and  Reynolds, 

2001) .  However,  the  possibility  of  reverse  electron  transfer  under 
physiological  conditions  is  not  yet  established.  The  interpretation 
of  such  experiments  may  be  complicated  because  the  source  of 
ROS  could  be  anything  that  is  in  a  redox  equilibrium  with  intra- 
mitochondrial  NADPH.  This  difficulty  also  applies  to  experi¬ 
ments  demonstrating  the  dependence  of  mitochondrial  ROS 
production  on  the  amplitude  of  the  membrane  potential  (Hans¬ 
ford  etal.,  1997;  Korshunov  etal.,  1997;  Votyakova  and  Reynolds, 
2001;  Starkov  and  Fiskum,  2003)  or  intramitochondrial 
NADPH/NADP+  ratio  (Kushnareva  et  al.,  2002;  Starkov  and 
Fiskum,  2003). 

Several  research  groups  have  demonstrated  that  isolated  com¬ 
plex  I  preparations  can  generate  ROS  when  reduced  with  NADH, 
although  there  is  no  consensus  about  the  site  of  ROS  production 
in  complex  I  (Lenaz,  2001;  Kushnareva  et  al.,  2002;  Liu  et  al., 

2002) . 

However,  some  evidence  argues  against  the  concept  that  com¬ 
plex  I  in  mitochondria,  or  in  submitochondrial  particles,  can 
generate  ROS  in  the  absence  or  even  in  the  presence  of  its  inhib¬ 
itors.  The  absence  of  a  correlation  between  the  inhibition  of  com¬ 
plex  I  activity  by  rotenone  and  other  inhibitors  and  the  produc¬ 
tion  of  ROS  by  submitochondrial  particles  was  interpreted  as  an 
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Figure  9.  Hydrogen  peroxide  production  by  brain  mitochondria  isolated  by  the  Percoll  procedure  from  Dld-deficient  mice 
compared  with  their  littermate  wild-type  mice.  Mouse  brain  mitochondria  were  isolated  by  the  Percoll  gradient  procedure  (see 
Materials  and  Methods).  Incubation  medium  was  as  in  Figure  8,  except  that  safranin  0  was  omitted  and  5  U/ml  HRP,  20  U/ml 
superoxide  dismutase,  and  1  /am  Amplex  Red  were  included.  Where  indicated,  5  mM  succinate  or  5  mM  a-ketoglutarate  A  were 
included  into  the  medium.  The  sequence  of  additions  was  as  follows:  mitochondria  (0.1-0.125  mg/ml)  were  added  into  the 
incubation  medium  and  incubated  for  2  min,  then  phosphorylation  was  inhibited  with  1.2  /am  carboxyatractylate,  then  1  /am 
rotenone  and,  finally,  1  /am  antimycin  A  were  added  into  the  incubation  medium.  A,  H202  production  in  state  3.  B,  H202  production 
in  state  4.  C,  H202  production  induced  by  rotenone.  D,  H202  production  induced  by  antimycin  A.  In  C for  a-ketoglutarate  only  and 
in  D  for  both  a-ketoglutarate  and  succinate,  the  presented  rate  of  H202  production  was  obtained  by  subtracting  the  rate  of  H202 
production  in  state  4  from  the  rate  induced  by  rotenone  (0  and  the  rate  in  the  presence  of  rotenone  from  that  induced  by 
antimycin  A  ( D). 


20 

30 

Dld+/+ 

Dld+/- 

C0Q9 

0.66  ±  0.10 

0.64  ±0.12 

COQ10 

0.22  ±  0.03 

0.21  ±  0.03 

QgiQlO 

2.95  ±  0.20 

2.93  ±  0.20 

Figure  10.  Coenzyme  Q9  and  coenzyme  Q10  content  in  brain  mitochondria  isolated  from 
Dld-deficient  mice  compared  with  their  littermate  wild-type  mice.  Coenzymes  Q9  and  Q10  were 
measured  by  HPLC  as  described  in  Materials  and  Methods.  Data  are  presented  in  picomole  of 
quinone  per  milligram  of  mitochondria. 

indication  of  the  presence  of  a  superoxide-producing  rotenone- 
binding  site  other  than  complex  I  (Ramsay  and  Singer,  1992) .  The 
finding  that  H202  production  is  frequently  reported  as  being 
almost  absent  in  the  presence  of  succinate  and  rotenone  (Barja, 


1999;  Liu  et  al.,  2002)  is  intriguing  because 
the  intramitochondrial  NADPH/NADP  + 
ratio  under  such  conditions  is  high.  Stim¬ 
ulatory  effects  of  ADP  (Barja,  1999)  and 
Ca2+  (Dykens,  1994;  Kowaltowski  et  al., 
1995,  1996,  1998a,b)  on  mitochondrial 
ROS  production  are  also  puzzling  because 
both  Ca2+  uptake/retention  and  ADP- 
induced  oxidative  phosphorylation  dissi¬ 
pate  energy  and  would  be  expected  to  de¬ 
crease  the  level  of  reduction  of  complex  I 
and  hence  the  ROS  production.  It  also  ap¬ 
pears  that  the  stimulatory  effect  of  the 
complex  I  inhibitor  rotenone  on  ROS  pro¬ 
duction  that  possibly  originates  from  a  site 
within  complex  I  is  species  and  tissue  de¬ 
pendent;  ROS  stimulation  by  rotenone 
varies  from  ~300%  in  guinea  pig  to  0%  in 
horse  heart  submitochondrial  particles 
(Herrero  and  Barja,  2000)  and  in  whole 
intact  rat  heart  mitochondria  (Chen  et  al.,  2003)  to  inhibition  of 
ROS  production  in  mouse  kidney  mitochondria  (Kwong  and 
Sohal,  1998). 

Our  data  indicate  that  KGDHC  may  be  a  major  ROS- 
producing  site  in  mitochondria.  Mammalian  KGDHC  is  com¬ 
posed  of  multiple  copies  of  three  enzymes:  a-ketoglutarate 
dehydrogenase  (El;  EC  1.2. 4. 2),  dihydrolipoamide  succinyl- 
transferase  (E2;  EC  2.3.1.12),  and  Did  (E3  or  Did;  EC  1.6. 4. 3). 
El  and  E3  are  noncovalently  bound  to  a  core  formed  by  E2 
(Wagenknecht  et  al.,  1983;  Sheu  and  Blass,  1999).  Did  is  also  a 
part  of  other  multienzyme  complexes  such  as  PDHC, 
branched  chain  ketoacid  dehydrogenase  complex,  and  glycine 
cleavage  complex  (Koike  et  al.,  1974;  Patel  and  Roche,  1990; 
Reed  and  Hackert,  1990).  Did  is  a  flavoenzyme,  the  redox  center 
of  which  is  formed  by  a  disulfide  bridge  coupled  with  a  flavin  ring. 
The  catalyzed  reaction  proceeds  via  the  formation  of  a  charge 
transfer  complex  between  those  two  groups  (Matthews  et  al.,  1977; 
Templeton  et  al.,  1980).  The  catalytic  mechanism  of  a-ketoacid 
dehydrogenase  complexes  was  reviewed  by  Bunik  (2003). 

In  the  context  of  the  enzymatic  mechanism,  results  of  exper¬ 
iments  with  isolated  PDHC  and  KGDHC  point  to  the  flavin  or 
the  neighboring  disulfide  bridge  in  the  catalytic  center  of  the  Did 
component  as  an  electron  donor  for  superoxide  formation.  This 
explanation  is  in  agreement  with  another  recently  published 
study  (Bunik  and  Sievers,  2002)  indicating  that  the  flavin  of  the 
Did  component  of  KGDHC  is  involved  in  superoxide  generation. 

It  is  not  clear  yet  why  a-ketoglutarate-supported  (and  pre¬ 
sumably,  KGDHC-mediated)  ROS  production  is  much  higher 
than  pyruvate-supported  production  (Fig.  2)  because  both 
KGDHC  and  PDHC  share  the  Did  component  that  generates 
ROS  (Zhang  et  al.,  1998).  The  reason  for  this  discrepancy  may  be 
related  to  differing  composition  and  molecular  organization  of 
these  large  enzyme  complexes. 

KGDHC  activity  is  regulated  by  multiple  mechanisms.  The 
enzyme  is  inhibited  by  its  own  product,  succinyl-CoA,  by  a  high 
NADH/NAD  +  ratio  as  well  as  by  a  high  dihydrolipoate/lipoate 
ratio,  thereby  playing  an  important  role  in  cellular  redox  regula¬ 
tion  (Bunik,  2003 ) .  KGDHC  is  activated  by  low  concentrations  of 
Ca2+  and  matrix  ADP  (Hamada  et  al.,  1975;  McMinn  and 
Ottaway,  1977;  LaNoue  etal.,  1983;  Wan  etal,  1989;  Kiselevsky  et 
al.,  1990).  Considering  that  KGDHC-mediated  ROS  production 
requires  a  fully  active  complex  with  all  the  cofactors  and  sub¬ 
strates  (except  NAD+)  (Figs.  4,  5),  the  fact  that  the  enzyme 
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activity  is  stimulated  by  Ca2+  and  ADP  may  perhaps  account  for 
previous  findings  that  mitochondrial  ROS  production  was  in¬ 
creased  by  Ca2+  (Dykens,  1994;  Kowaltowski  et  al.,  1995,  1996, 
1998a, b),  Ca2+  in  the  presence  of  rotenone  and  succinate 
(Starkov  et  al.,  2002),  and  by  ADP  (Barja,  1999).  The  results 
presented  in  the  accompanying  report  by  Tretter  and  Adam-Vizi 
(2004)  demonstrate  that  Ca2+  activated  ROS  production  by  iso¬ 
lated  KGDHC  both  in  the  presence  and  in  the  absence  of  pyridine 
nucleotides. 

It  is  well  known  that  the  activity  of  KGDHC  is  severely  re¬ 
duced  in  a  variety  of  neurodegenerative  diseases  associated  with 
impaired  mitochondrial  functions,  including  Alzheimer’s  and 
Parkinson’s  diseases.  However,  the  relationship  between 
KGDHC  activity  and  mitochondrial  damage  per  se  is  much  less 
clear.  KGDHC  is  an  integral  mitochondrial  enzyme  tightly  bound 
to  the  inner  mitochondrial  membrane  on  the  matrix  side  (Maas 
and  Bisswanger,  1990).  It  binds  (specifically)  to  complex  I  of  the 
mitochondrial  respiratory  chain  (Sumegi  and  Srere,  1984)  and 
may  form  a  part  of  the  TCA  cycle  enzyme  supercomplex 
(Lyubarev  and  Kurganov,  1989).  The  mitochondrial  TCA  cycle 
enzymes  aconitase,  succinate  dehydrogenase  (SDH),  and  KGDHC 
itself  are  sensitive  to  oxidative  inactivation  both  in  vitro  and  in 
vivo  (Tretter  and  Adam-Vizi,  2000;  Gibson  et  al.,  2002;  Sadek  et 
al.,  2002).  The  close  spatial  and  functional  relationship  of 
KGDHC  to  sensitive  TCA  cycle  enzymes  may  result  in  specific 
targeting  and  damage  to  these  enzymes  by  KGDHC-originated 
ROS.  Mitochondria  from  different  brain  regions  possess  different 
amounts  of  KGDHC  (Calingasan  et  al.,  1994;  Park  et  al.,  2000), 
which  may  account  for  regional  vulnerability.  For  instance,  the 
cholinergic  neurons  of  the  nucleus  basalis  of  Meynert  have  high 
levels  of  KGDHC,  and  these  neurons  are  particularly  vulnerable 
in  Alzheimer’s  disease  (Gibson  et  al.,  1988).  The  conditions  pro¬ 
moting  KGDHC-mediated  ROS  production  may  be  any  that 
increase  the  intramitochondrial  NADH/NAD  +  ratio  (e.g.,  inhi¬ 
bition  of  oxidative  phosphorylation  or  inhibition  of  any  segment 
of  the  mitochondrial  electron  transport  chain) .  This  hypothesis  is 
strongly  supported  by  the  results  presented  in  the  accompanying 
report  by  Tretter  and  Adam-Vizi  (2004)  that  demonstrated  that 
ROS  production  by  isolated  KGDHC  is  strongly  dependent  on 
the  NADH/NAD  +  ratio.  It  also  agrees  well  with  the  recent  dem¬ 
onstration  of  a  selective  loss  of  KGDHC-enriched  neurons  in 
human  brains  with  Alzheimer’s  disease  (Ko  et  al.,  2001).  [Alter¬ 
natively,  as  Dr.  John  Blass  pointed  out  (personal  communica¬ 
tion),  a  regulatory  mechanism  might  be  in  place  decreasing  the 
expression  and/or  assembly  of  a  functional  KGDH  complex  in 
response  to  the  oxidative  stress  induced  by  either  damage  to 
mitochondria  leading  to  an  increase  in  their  overall  reduction 
potential,  or  by  an  oxidants  external  to  mitochondria.] 

In  this  respect,  it  is  very  interesting  that  the  DLST  gene  encod¬ 
ing  the  E2  component  of  KGDHC  also  encodes  truncated  mRNA 
for  another  protein  designated  MIRTD  that  localizes  to  mito¬ 
chondria,  where  it  regulates  the  biogenesis  of  the  mitochondrial 
respiratory  chain  (Kanamori  et  al.,  2003). 

In  conclusion,  we  emphasize  that  although  results  presented 
here,  and  particularly  those  with  Dld-deficient  mice  (Fig.  7),  in¬ 
dicate  that  the  Did  component  of  KGDHC  may  be  a  significant 
source  of  ROS  in  mitochondria,  they  do  not  rule  out  complex  I 
(or  other  potential  sites)  as  important  sources  of  ROS.  In  fact, 
results  of  substrate-dependent  ROS  production  experiments 
(Fig.  2 B)  indicate  that  some  other  dehydrogenases  might  also  be 
involved  in  ROS  production.  The  results  presented  here  chal¬ 
lenge  the  idea  of  a  single  “major”  site  of  ROS  production  in 
mitochondria,  whether  it  be  complexes  I,  II,  and  III  or  the  Did 


component,  and  emphasize  the  necessity  of  additional  systematic 

research  on  the  mechanisms  and  regulation  of  mitochondrial 

ROS  production. 
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Mitochondria  are  both  targets  and  sources  of  oxidative  stress.  This  dual  relationship  is  particularly 
evident  in  experimental  paradigms  modeling  ischemic  brain  injury.  One  mitochondrial  metabolic 
enzyme  that  is  particularly  sensitive  to  oxidative  inactivation  is  pyruvate  dehydrogenase.  This  reaction 
is  extremely  important  in  the  adult  CNS  that  relies  very  heavily  on  carbohydrate  metabolism,  as 
it  represents  the  sole  bridge  between  anaerobic  and  aerobic  metabolism.  Oxidative  injury  to  this 
enzyme  and  to  other  metabolic  enzymes  proximal  to  the  electron  transport  chain  may  be  responsible 
for  the  oxidized  shift  in  cellular  redox  state  that  is  observed  during  approximately  the  first  hour  of 
cerebral  reperfusion.  In  addition  to  impairing  cerebral  energy  metabolism,  oxidative  stress  is  a  potent 
activator  of  apoptosis.  The  mechanisms  responsible  for  this  activation  are  poorly  understood  but  likely 
involve  the  expression  of  p53  and  possibly  direct  effects  of  reactive  oxygen  species  on  mitochondrial 
membrane  proteins  and  lipids.  Mitochondria  also  normally  generate  reactive  oxygen  species  and 
contribute  significantly  to  the  elevated  net  production  of  these  destructive  agents  during  reperfusion. 
Approaches  to  inhibiting  pathologic  mitochondrial  generation  of  reactive  oxygen  species  include  mild 
uncoupling,  pharmacologic  inhibition  of  the  membrane  permeability  transition,  and  simply  lowering 
the  concentration  of  inspired  oxygen.  Antideath  mitochondrial  proteins  of  the  Bcl-2  family  also  confer 
cellular  resistance  to  oxidative  stress,  paradoxically  through  stimulation  of  mitochondrial  free  radical 
generation  and  secondary  upregulation  of  antioxidant  gene  expression. 


KEY  WORDS:  Superoxide:  nitric  oxide;  peroxynitrite;  pyruvate  dehydrogenase;  calcium;  apoptosis. 


MITOCHONDRIAL  TARGETS 
OF  OXIDATIVE  STRESS 

Several  lines  of  evidence  indicate  that  oxidative  stress 
is  a  primary  mediator  of  neurologic  injury  following  cere- 
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bral  ischemia.  The  extent  of  delayed  neuronal  death  cor¬ 
relates  well  with  prelethal  markers  of  oxidative  molecular 
alterations.  Neuroprotection  is  observed  following  the  use 
of  antioxidants  and  inhibitors  of  free  radical  producing 
enzymes,  e.g.,  nitric-oxide  synthetase.  In  addition,  neu¬ 
roprotection  is  evident  in  genetic  animal  models  where 
genes  coding  for  enzymes  that  promote  oxidative  stress 
are  knocked  down  or  out,  and  where  genes  coding  for  an¬ 
tioxidant  enzymes,  e.g.,  superoxide  dismutase  (SOD)  are 
overexpressed  (see  (Lewen  et  al.,  2000)  for  review). 

Virtually  every  cellular  and  extracellular  molecular 
component  is  potentially  sensitive  to  damage  caused  by 
oxidative  stress.  Oxidative  modification  to  DNA,  RNA, 
proteins,  lipids,  and  small  metabolites  occur  during  is¬ 
chemia/reperfusion.  Our  research  focuses  on  the  mito¬ 
chondrion  and  its  components  as  both  targets  and  media¬ 
tors  of  oxidative  reperfusion  injury  (Fiskum  et  al.,  1999; 
Murphy  et  al.,  1999).  From  both  in  vitro  studies  with 
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neural  cells  (Myers  et  al.,  1995)  and  animal  models  of 
global  cerebral  ischemia  (Liu  et  al.,  1998),  we  conclude 
that  mitochondrial  energy  metabolism  is  extremely  sensi¬ 
tive  to  impairment  by  reactive  oxygen  and  nitrogen  species 
(ROS/RNS)  and  that  mitochondrial  oxidative  stress  limits 
metabolic  recovery  and  promotes  the  intrinsic  pathway  of 
apoptosis. 

One  hypothesis  we  are  testing  is  that  during  reperfu¬ 
sion,  pyruvate  dehydrogenase  (PDH)  is  oxidatively  modi¬ 
fied  and  inactivated  (Bogaert  et  al.,  2000;  Rosenthal  et  al., 
1992),  resulting  in  impaired  oxidative  energy  metabolism 
and  exacerbation  of  postischemic  brain  lactic  acidosis 
(Rosenthal  et  al.,  1992).  PDH  enzyme  activity  is  lost 
when  purified  enzyme  is  exposed  to  systems  that  generate 
hydroxyl  radicals  (Bogaert  et  al.,  1994)  or  peroxynitrite 
(E.  Martin,  unpublished),  two  ROS/RNS  species  strongly 
implicated  in  reperfusion  brain  injury.  In  addition  to  in¬ 
activation  of  PDH,  the  activity  of  the  electron  transport 
chain  Complex  I  (NADH-CoQ  oxidoreductase)  is  also  de¬ 
pressed  during  reperfusion  (Almeida  et  al.,  1995),  which 
could  be  particularly  important  since  this  complex  is  nor¬ 
mally  the  rate-limiting  step  of  the  electron  transport  chain 
(Davey  et  al.,  1997).  The  relative  importance  of  damage 
to  components  of  the  electron  transport  chain  compared 
to  upstream  metabolic  enzymes,  e.g.,  PDH,  is  at  this  junc¬ 
ture  unknown.  However,  decreased  production  of  NADH 
by  PDH  and  TCA  cycle  dehydrogenases  may  be  respon¬ 
sible  for  the  hyperoxidized  redox  state  of  NAD(H)  and 
components  of  the  mitochondrial  electron  transport  chain 
that  occurs  during  the  first  hour  of  reperfusion  after  global 
cerebral  ischemia  (Rosenthal  et  al.,  1995).  If  the  elec¬ 
tron  transport  chain  was  metabolically  rate  limiting  during 
reperfusion,  the  NAD(H)  redox  state  should  be  relatively 
reduced  rather  than  oxidized.  Postischemic  oxidation  of 
NAD(H)  may  therefore  constitute  an  important  clue  for 
the  identification  of  the  most  important  metabolic  targets 
of  reperfusion  injury. 

Other  possible  explanations  for  the  effect  of  is¬ 
chemia/reperfusion  on  NAD(H)  redox  state  include  de¬ 
pletion  of  pyridine  nucleotides  through  PARP  activation 
(Wang  etal.,  2002),  and  release  of  mitochondrial  NAD(H) 
and  NADP(H)  from  the  mitochondrial  matrix  into  the 
cytosol,  e.g.,  what  occurs  following  activation  of  the 
mitochondrial  membrane  permeability  transition  (MPT) 
(Chinopoulos  et  al.,  2003).  In  addition  to  inhibiting  PDH 
and  other  mitochondrial  enzyme  activities,  ROS/RNS  are 
potent  activators  of  both  PARP  and  the  MPT(Kowaltowski 
et  al.,  2000;  Prabhakaran  et  al.,  2004).  Moreover,  the 
metabolism  of  H2O2  and  other  peroxides  via  the  glu¬ 
tathione  peroxidase/reductase  system  can  contribute  to 
the  oxidative  shift  in  pyridine  nucleotide  redox  state.  Irre¬ 
spective  of  the  mechanism  by  which  cerebral  reperfusion 


causes  this  shift  in  redox  state,  the  associated  decrease  in 
reducing  power  could  limit  detoxification  of  peroxides  and 
maintenance  of  reduced  protein  sulfhydryl  groups,  thereby 
contributing  to  the  prolonged  oxidative  stress  characteris¬ 
tic  of  reperfusion  tissue  injury. 

While  oxidative  damage  to  cerebral  energy 
metabolism  is  a  critical  contributor  to  delayed,  necrotic 
neuronal  death,  oxidative  stress  is  also  a  powerful  initia¬ 
tor  of  apoptosis,  which  also  contributes  significantly  to  is¬ 
chemic  neural  cell  death  (DeGracia  et  al.,  2002;  Hou  and 
MacManus,  2002).  The  mechanism  by  which  oxidative 
stress  promotes  apoptosis  is  far  from  understood.  Possible 
mechanisms  include  increased  expression  of  p53,  a  redox- 
sensitive  transcriptional  activator  of  several  proapoptotic 
genes  that  also  directly  induces  release  of  mitochondrial 
cytochrome  c  (CytC)  through  its  interaction  with  the  an- 
tiapoptotic  mitochondrial  protein  Bc1-Xl  (Chipuk  et  al., 
2003;  Miller  et  al.,  2000;  Soengas  et  al.,  1999).  Reac¬ 
tive  oxygen  and  nitrogen  species  can  also  induce  the  re¬ 
lease  of  CytC  from  mitochondria  through  promotion  of  the 
MPT  (Kowaltowski  et  al.,  2000;  Borutaite  et  al.,  1999), 
although  this  event  is  more  likely  to  cause  necrosis  due  to 
the  devastating  effects  of  the  MPT  on  mitochondrial  en¬ 
ergy  metabolism.  Oxidative  alterations  to  mitochondrial 
membrane  lipids  or  apoptotic  proteins  might  also  promote 
the  release  of  CytC  and  other  proapoptotic  mitochondrial 
proteins  through  both  MPT-dependent  and  independent 
mechanisms. 

NEUROPROTECTION  BY  AVOIDING 
HYPEROXIA  DURING  CEREBRAL 
REPERFUSION 

Intracellular  conditions  that  exist  early  during  reper¬ 
fusion,  e.g.,  low  pH  and  high  [Ca2+],  can  promote  the 
generation  of  ROS  by  mitochondria  and  other  sources 
(Fiskum,  1997).  Microdialysis  measurements  demon¬ 
strate  high  levels  of  hydroxyl  radical  production  during 
the  first  30 — 45  min  of  reperfusion  (Piantadosi  and  Zhang, 
1996).  During  this  same  period,  hyperoxia  exacerbates  the 
oxidized  shift  in  mitochondrial  redox  state  and  delays  re¬ 
covery  of  evoked  potentials  compared  to  what  is  observed 
with  normoxic  animals  (Feng  et  al.,  1998).  Several  other 
studies  have  compared  hyperoxic  to  normoxic  reperfusion 
using  histopathology  as  the  outcome  measure.  Halsey  im¬ 
planted  O2  electrodes  in  the  brains  of  rats  before  subject¬ 
ing  them  to  a  20  min  global  ischemic  insult  and  found 
a  positive  correlation  between  reoxygenation  level  and 
severity  of  neuronal  damage  (Halsey  etal.,  1991).  Gerbils 
treated  with  100%  O2  after  15  min  bilateral  carotid  oc¬ 
clusion  sustained  increased  white  matter  damage  (Mickel 
et  al.,  1990).  A  study  using  15  min  of  cardiac  arrest  in 
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dogs  followed  by  hyperoxic  resuscitation  found  a  signif¬ 
icant  increase  in  the  total  number  of  injured  neurons  in 
the  brain  stem  and  spinal  cord  within  1  h  of  resuscita¬ 
tion  (Marsala  et  al. ,  1992).  Our  preliminary  results  using 
a  10  min  canine  cardiac  arrest  model  and  sterologic  cell 
counting  indicate  a  significant  reduction  in  hippocampal 
neuronal  death  using  normoxic  compared  to  hyperoxic  re¬ 
suscitation  (V.  Vereczki,  unpublished).  In  contrast,  Agardh 
used  a  rat  model  of  transient  global  ischemia  and  failed  to 
demonstrate  differences  in  7  day  neuronal  damage  after 
resuscitation  with  100%  O2  compared  to  normoxia  or  hy¬ 
poxia  (Agardh  et  al.,  1991).  Lipinski  et  al.  also  found  no 
difference  in  hippocampal  neuronal  death  72  h  following 
cardiac  arrest  in  rats  ventilated  on  1 00  or  2 1  %  O2  (Lipinski 
et  al.,  1999).  This  model  is,  however,  significantly  differ¬ 
ent  from  the  canine  cardiac  arrest  model  or  from  most 
human  cardiac  arrest  scenarios  as  the  animals  experience 
severe  hypoxia  prior  to  cardiac  arrest. 

The  few  reported  comparisons  of  neurologic  out¬ 
come  following  hyperoxic  and  normoxic  reperfusion 
strongly  suggest  that  hyperoxic  resuscitation  is  detrimen¬ 
tal.  Using  a  9  min  canine  cardiac  arrest  model,  Zwemer 
found  that  resuscitation  with  100%-inspired  CL  resulted 
in  worsened  12  and  24  h  neurologic  outcome  when  com¬ 
pared  to  animals  receiving  21%  CL  (Zwemer  et  al.,  1994). 
This  difference  was  eliminated  when  animals  were  pre¬ 
treated  with  an  antioxidant  prior  to  the  arrest  and  hyper¬ 
oxic  resuscitation.  In  our  canine  experiments  using  10  min 
cardiac  arrest,  neurologic  impairment  measured  at  24  h 
was  significantly  worse  in  animals  ventilated  on  100%  CL 
during  and  for  1  h  after  resuscitation  than  that  exhibited 
by  dogs  resuscitated  on  2 1  %  CL  and  subsequently  venti¬ 
lated  on  21-30%  CL  to  maintain  normal  Pa02  (Liu  et  al., 
1998).  The  one  published  negative  study  is  the  Lipinski 
report  where  no  difference  in  72  h  neurologic  impairment 
was  observed  following  asphyxia-induced  cardiac  arrest 
in  rats  (Lipinski  et  al.,  1999).  The  only  long-term  out¬ 
come  study  focused  on  mortality  and  used  the  gerbil  bi¬ 
lateral  carotid  occlusion  model.  Mickel  and  colleagues 
found  that  animals  exposed  to  100%  CL  for  3-6  h  after 
15  min  global  cerebral  ischemia  experienced  a  threefold 
increase  in  14  day  mortality  compared  with  those  allowed 
to  breathe  room  air  after  ischemia  (Mickel  et  al.,  1987). 

MITOCHONDRIA  AS  SOURCES 
OF  REACTIVE  OXYGEN  SPECIES 

Superoxide  is  a  normal  byproduct  of  mitochondrial 
respiration  and  accounts  for  ~1%  of  O2  consumed  by  mi¬ 
tochondria.  Because  of  its  extremely  high  reactivity  and 
short  half-life,  it  normally  dismutates  to  H2O2  either  spon- 
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taneously  or  via  catalysis  by  mitochondrial  or  cytosolic  su¬ 
peroxide  dismutases.  While  the  metabolism  of  H2O2  via 
peroxidases  can,  under  some  circumstances,  lead  to  oxida¬ 
tive  stress  due  to  an  oxidized  shift  in  cellular  redox  state, 
the  primary  toxicity  of  elevated  superoxide  and  H2O2  pro¬ 
duction  is  exerted  by  other  metabolites  (Fig.  1).  These 
products  include  the  hydroxyl  radical,  generated  by  metal- 
catalyzed  reduction  of  H2O2,  and  peroxynitrite,  generated 
by  the  reaction  of  superoxide  with  nitric  oxide.  Both  of 
these  reactive  agents  are  capable  of  oxidatively  modifying 
proteins,  lipids,  RNA,  and  DNA.  As  there  are  no  known 
enzymatic  systems  for  detoxifying  either  hydroxyl  radical 
or  peroxynitrite,  endogenous  interventions  are  limited  pri¬ 
marily  to  those  that  reduce  the  production  of  superoxide 
or  nitric  oxide,  or  that  promote  the  nontoxic  metabolism 
of  H2O2  to  H2O  via  peroxidase  activities.  A  number  of  ad¬ 
ditional  exogenous  antioxidant  approaches  are  available, 
including  the  use  of  iron  chelators,  spin-traps,  and  other 
natural  and  artificial  antioxidant  compounds. 

While  the  role  of  mitochondrial  ROS  production  in 
ischemia/reperfusion  injury  is  often  touted  as  important, 
little  direct  evidence  is  available  from  in  vivo  experiments. 
Existing  evidence  is  based  on  the  effects  of  mitochondrial 
respiratory  inhibitors  or  uncouplers  on  markers  of  oxida¬ 
tive  injury.  Additional  support  for  a  critical  role  of  mi¬ 
tochondrial  oxidative  stress  in  acute  neuronal  cell  death 
comes  from  in  vitro  experiments  using  cultured  neurons 
and  other  neural  cell  lines  exposed  to  hypoxia  and  glucose 
deprivation,  or  to  toxic  levels  of  excitatory  neurotransmit¬ 
ters  or  their  agonists.  From  these  and  more  recent  studies,  it 
appears  that  initial  entry  of  Ca2+  through  glutamate  recep¬ 
tors  is  accumulated  into  mitochondria,  causing  an  increase 
in  mitochondrial  ROS  production  that  then  causes  a  sec¬ 
ondary  irreversible  entry  of  Ca2+  through  redox-sensitive 
transient  receptor  potential  (Trp)  channels  (Aarts  et  al., 

2003) . 

One  controversial  topic  in  this  held  is  the  involve¬ 
ment  of  the  MPT  in  Ca2+ -induced  mitochondrial  ROS 
production.  MPT-mediated  release  of  CytC  can  certainly 
stimulate  mitochondrial  generation  of  ROS  by  causing  a 
reduced  shift  in  mitochondrial  redox  sites  associated  with 
superoxide  production.  The  MPT  also  causes  a  drop  in 
mitochondrial  membrane  potential  (A 40  and  a  loss  of 
mitochondrial  pyridine  nucleotides,  both  of  which  should 
depress  mitochondrial  generation  of  ROS.  Recent  work 
suggests,  however,  that  even  if  mitochondrial  NAD(H) 
were  released  into  the  cytosol  in  response  to  the  MPT, 
the  residual  concentration  in  the  mitochondrial  matrix  in 
equilibrium  with  the  cytosolic  pool  could  be  sufficient 
to  support  substantial  ROS  production  (Batandier  et  al., 

2004) .  The  use  of  MPT  inhibitors  like  cyclosporin  A  as 
neuroprotectants  both  in  vivo  and  in  vitro  has  met  with 
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Fig.  1.  Mitochondrial  production  and  metabolism  of  reactive  oxygen  species.  Superoxide  (02)  is 
produced  at  one  or  more  sites  within  the  electron  transport  chain  and  possibly  via  one  or  more  matrix 
dehydrogenases.  Superoxide  is  converted  to  hydrogen  peroxide  via  superoxide  dismutase  (SOD), 
that  is  subsequently  metabolized  to  water  via  the  glutathione  peroxidase  (GPX)/glutathione  reductase 
(GR)  system.  During  abnormally  high  rates  of  hydrogen  peroxide  production  and  in  the  presence 
of  transition  metals,  e.g.,  iron,  the  highly  toxic  hydroxyl  radical  is  generated.  Peroxynitrite  can 
also  be  produced  via  the  reaction  of  superoxide  and  nitric  oxide.  These  metabolites  can  oxidize 
mitochondrial  proteins,  lipids,  RNA,  and  DNA,  contributing  to  oxidative  stress  and  ultimately  cell 
death. 


mixed  success  (Domanska-Janik  et  ai,  2004;  Kaminska 
etal .,  2001;  Maciel  etal.,  2003;  Scheff  and  Sullivan,  1999; 
Uchino  et  al.,  2002).  Evidence  indicates  that  cyclosporin 
A  is  ineffective  at  blocking  the  MPT  under  many  condi¬ 
tions  and  in  certain  cell  types,  including  neurons  (Fiskum 
et  al.,  2003).  Development  of  more  broadly  effective  MPT 
inhibitors  is  therefore  needed.  One  agent  that  exhibits  su¬ 
perior  inhibition  of  the  MPT  in  brain  mitochondria  is  2- 
aminoethoxydiphenylborate  (2-APB)  (Chinopoulos  etal., 
2003).  This  drug  also  inhibits  capacitative  Ca2+  entry  as¬ 
sociated  with  Trp  channels  and  may  therefore  provide  a 
multipotent  approach  to  neuroprotection  (Iwasaki  et  ai, 
2001). 

Several  mechanism  other  than,  or  in  addition  to  the 
MPT  could  stimulate  mitochondrial  ROS  production  dur¬ 
ing  ischemia/reperfusion.  Thermodynamically,  any  inhi¬ 
bition  of  electron  flow  distal  to  redox  sites  of  superoxide 
production  would  promote  these  reactions.  Thus,  inhibi¬ 
tion  of  electron  transfer  in  Complex  1  distal  to  the  putative 
iron  sulfur  site  of  superoxide  generation,  as  occurs  with 
rotenone,  greatly  stimulates  ROS  production  with  NADH- 
linked  respiratory  substrates.  Inhibition  at  the  distal  points 
in  the  electron  chain,  as  occurs  with  nitric  oxide  at  Com¬ 


plex  IV,  stimulates  ROS  production  at  both  Complex  I  and 
at  the  Coenzyme  Q/Complex  III  redox  site  (Brown  and 
Borutaite,  2001).  A  similar  situation  occurs  when  CytC 
is  released  during  apoptosis  via  Bax-mediated  formation 
of  pores  in  the  outer  membrane  (Starkov  et  ai,  2002). 
When  electron  flow  is  only  partially  inhibited,  the  redox- 
mediated  stimulation  of  ROS  production  can  be  coun¬ 
teracted  by  mild  uncoupling,  either  with  exogenous  un¬ 
coupling  agents,  e.g.,  FCCP,  or  via  increased  expression 
or  activity  of  mitochondrial  uncoupling  proteins.  Mito¬ 
chondrial  ROS  production  is  extremely  sensitive  to  inhi¬ 
bition  by  slight  depolarization  and  oxidized  shift  in  redox 
state  at  high  membrane  potentials  (Starkov  and  Fiskum, 
2003).  Thus  a  drop  in  A'h  of  only  15  mV  reduces  the 
rate  of  NADH-linked,  substrate-dependent  ROS  forma¬ 
tion  by  50%  with  little  effect  on  ATP  production.  Mild 
uncoupling  may  therefore  constitute  an  effective  means 
of  immediately  reducing  oxidative  stress  in  acute  CNS 
injury  paradigms  (Ferranti  et  ah,  2003;  Kim-Han  et  ai, 
2001). 

In  addition  to  inhibiting  mitochondrial  superoxide 
production,  the  net  production  of  ROS  can  also  be  re¬ 
duced  by  promoting  its  detoxification  to  H2O2  and  then  to 
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H2O.  Bcl-2,  an  antideath  protein  normally  thought  to  act 
by  binding  to  outer  membrane  pore-forming-proapoptotic 
proteins,  e.g.,  Bax,  also  exhibits  an  indirect  antioxidant 
activity  that  is  apparent  even  at  the  mitochondrial  level 
(Ellerby  et  ah,  1996).  We  demonstrated  that  the  inhibi¬ 
tion  of  pro-oxidant-induced  MPT  by  Bcl-2  overexpres¬ 
sion  is  due  to  increased  resistance  of  pyridine  nucleotides 
to  oxidation  rather  than  a  direct  effect  on  MPT  proteins 
(Kowaltowski  et  al.,  2000).  In  an  attempt  to  explain  this 
phenomenon,  we  explored  the  effects  of  Bcl-2  and  other 
antiapoptotic  Bcl-2  family  members  on  mitochondrial 
bioenergetics.  Through  careful  calibration  techniques,  we 
found  that  mitochondria  from  Bcl-2-overexpressing  cells 
do  not  exhibit  higher  membrane  potential,  in  contrast  to 
previous  reports  indicating  a  difference  in  AT.  In  agree¬ 
ment  with  other  investigators,  we  found  that  overexpres¬ 
sion  of  Bcl-2  was  associated  with  an  increase  in  basal 
mitochondrial  ROS  (H2O2)  production.  This  counterintu¬ 
itive  phenotype  was  also  observed  in  cells  overexpress¬ 
ing  Bc1-Xl  and  Mcl-1,  two  additional  cytoprotective  Bcl- 
2  family  members  (A.  Kowaltowski,  unpublished).  Most 
importantly,  when  the  overexpressing  cells  were  treated 
for  48  h  with  low  levels  of  uncoupler  that  eliminate  the 
elevated  level  of  mitochondrial  ROS  production,  the  cells 
lose  their  abnormally  high  peroxidase  activity  and  their 
resistance  to  acute  necrotic  cell  death  caused  by  exposure 
to  high  concentrations  of  exogenous  H2O2.  It  therefore 
appears  that  the  antioxidant  activity  of  at  least  three  anti¬ 
apoptotic  Bcl-2  family  members  is  similar  to  precondition¬ 
ing  paradigms  where  sublethal  levels  of  stress  cause  up- 
regulation  of  proteins  that  protect  against  normally  lethal 
levels  of  stressful  stimuli.  While  overexpression  of  Bcl-2 
increases  basal  ROS  production,  this  effect  stimulates  the 
expression  of  one  or  more  antioxidant  enzymes  resulting 
in  a  net  resistance  to  oxidative  stress. 
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The  organochlorine  insecticide  methoxychlor  (mxc)  is  an 
established  reproductive  toxicant  that  affects  other  systems  in¬ 
cluding  the  central  nervous  system  (CNS),  possibly  by  mecha¬ 
nisms  involving  oxidative  stress.  This  study  tested  the  hypothesis 
that  mxc  inhibits  brain  mitochondrial  respiration,  resulting  in 
increased  production  of  reactive  oxygen  species  (ROS).  Oxygen 
electrode  measurements  of  mitochondrial  respiration  and  Amplex 
Red  measurements  of  H202  production  were  performed  with  rat 
brain  mitochondria  exposed  in  vitro  to  mxc  (0-10  p-g/ml)  and  with 
brain  mitochondria  from  mice  chronically  exposed  in  vivo  to  mxc 
(0-64  mg/kg/day)  for  20  days  by  intraperitoneal  injection.  In  vitro 
mxc  exposure  inhibited  ADP-dependent  respiration  (state  3)  using 
both  complex  I-  and  II-supported  substrates.  Similarly,  state  3 
respiration  was  inhibited  following  in  vivo  mxc  exposure  using 
complex  I  substrates.  H202  production  was  stimulated  after 
in  vitro  mxc  treatment  in  the  presence  of  complex  I  substrates, 
but  not  in  mitochondria  isolated  from  in  vivo  mxc -treated  mice. 
Because  previous  studies  demonstrated  a  relationship  between 
oxidative  stress  and  CREB  phosphorylation,  we  also  tested  the 
hypothesis  that  mxc  elevates  phosphorylated  CREB  (pCREB)  in 
mitochondria.  Enzyme-linked  immunosorbent  assay  (ELISA) 
measurements  demonstrated  that  pCREB  immunoreactivity  was 
elevated  by  in  vitro  mxc  exposure  in  the  presence  or  absence  of 
respiratory  substrates,  indicating  that  stimulation  of  H202  pro¬ 
duction  is  not  necessary  for  this  effect.  These  multiple  effects  of 
mxc  on  mitochondria  may  play  an  important  role  in  its  toxicity, 
particularly  in  the  CNS. 

Key  Words:  methoxychlor;  mitochondria;  CREB;  oxidative 
stress. 


INTRODUCTION 

Organochlorines  are  a  diverse  group  of  synthetic  chemicals 
including  pesticides  and  industrial  products  that  are  persistent 
environmental  pollutants  due  to  their  high  lipophilicity  and 
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siology,  University  of  Maryland  School  of  Medicine,  685  W.  Baltimore  Street, 
MSTF  5-34,  Baltimore,  MD  21201.  Fax:  (410)  706-2550.  E-mail:  gfisk001@ 
umaryland.edu. 


subsequent  bioaccumulation  in  the  food  chain.  The  organochlo¬ 
rine  pesticides  dichlorodiphenoxytrichloroethane  (DDT)  and 
1,1,1  -tiich  loro-2, 2-bis(/;-methoxypheny  I  (ethane  (methoxychlor, 
mxc)  have  been  shown  in  several  studies  to  possess  estrogenic 
properties  resulting  in  adverse  effects  on  the  reproductive 
system  in  both  animal  models  (Borgeest  et  al.,  2002; 
Cummings,  1997;  Gray  el  al.,  1989)  and  cell  lines  (Chedrese 
and  Feyles,  2001;  Hodges  et  al.,  2000;  Okubo  et  al.,  2004; 
Shekhar  et  al,,  1997).  These  studies  indicate  that  exposure  to 
organochlorine  pesticides  and  related  compounds  are  of  con¬ 
cern  in  terms  of  human  health. 

Botella  et  al.  (2004)  determined  the  levels  of  several 
organochlorine  pesticide  residues  in  adipose  tissue  and  blood 
samples  from  200  women  living  in  Southern  Spain.  The  highest 
concentrations  found  were  for  I , I -dichloro-2,2-bis(/;-chloro- 
phenyl)ethylene  (p,p'- DDE),  the  major  metabolite  of  DDT. 
Methoxychlor  residues  were  also  identified  in  this  study,  but  at 
lower  levels  than  the  other  pesticides  tested.  In  addition, 
a  recent  study  by  Rudel  et  al.,  (2003)  determined  the  levels 
of  89  target  chemicals  including  pesticides,  designated  as 
endocrine  disruptors  in  urine  samples,  house  dust,  and  indoor 
air  from  120  homes  in  Cape  Cod,  MA.  The  results  from  the 
study  indicate  that  DDT  and  mxc  were  present  in  at  least  50% 
of  the  homes  tested  at  relatively  high  concentrations. 

In  addition  to  their  estrogenic  properties,  certain  organo¬ 
chlorines  including  hexachlorocyclohexane  (Sahoo  and  Chainy, 
1998)  and  endosulfan  (Kannan  and  Jain,  2003)  have  been 
demonstrated  to  play  a  role  in  cellular  oxidative  stress.  Studies 
by  Latchoumycandane  and  Mathur  (2002)  demonstrated  de¬ 
pletion  of  antioxidant  enzymes  in  mitochondria  and  micro- 
somes  from  rat  testis  following  exposure  to  mxc.  Additionally, 
Chen  et  al.  (1999)  demonstrated  increased  superoxide  pro¬ 
duction  in  rat  liver  mitochondria  following  exposure  to  the 
synthetic  estrogen  ethinyl  estradiol.  Other  pesticides,  including 
paraquat  and  rotenone,  inhibit  mitochondrial  respiration  and 
stimulate  mitochondrial  production  of  reactive  oxygen  species 
(ROS)  in  rat  brain  (Meyer  et  al,,  2004;  Starkov  et  al.,  2004; 
Tawara  et  al.,  1996).  The  mitochondrial  effects  of  environ¬ 
mental  toxicants,  e.g.,  rotenone,  are  likely  responsible  for  their 
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induction  of  neurodegeneration  (Greenamyre  et  al.,  1999). 
Considering  the  epidemiological  evidence  that  pesticide  expo¬ 
sure  may  be  linked  to  Parkinson’s  disease,  a  more  extensive 
assessment  of  the  effects  of  these  toxicants  on  mitochondrial 
functions,  including  ROS  production  is  needed. 

Many  studies  have  identified  oxidative  stress  as  an  inducer  of 
post-translational  protein  modification,  resulting  in  transcrip¬ 
tional  activation.  For  example,  some  studies  indicate  that 
oxidative  stress  during  ischemia/reperfusion  causes  phosphor¬ 
ylation  of  Ca2+/cAMP  response  element  binding  protein 
(pCREB)  (Mabuchi  et  al.,  2001;  Tanaka,  2001).  In  an  earlier 
study,  we  determined  that  exposure  of  rat  primary  cortical  and 
hippocampal  neurons  to  the  organophosphate  insecticide 
chlorpyrifos  increases  pCREB  immunoreactivity  via  a  non¬ 
cholinesterase  mechanism  (Schuh  et  al.,  2002).  CREB  phos¬ 
phorylation  is  implicated  in  the  induction  of  transcriptional 
activity  that  stimulates  the  expression  of  antioxidant  genes 
(Bedogni  et  al.,  2003).  In  addition  to  the  effects  of  pCREB  on 
nuclear  gene  transcription,  mitochondrial  gene  expression  may 
be  under  the  control  of  mitochondrial-localized  pCREB  (Ryu 
et  al.,  2003).  pCREB  is  present  in  mitochondria  from  different 
tissues,  including  brain,  and  its  phosphorylation  state  is 
regulated  by  Ca2  l_,  an  important  intracellular  modulator  of 
gene  expression  (Schuh  et  al.,  2005). 

Although  mxc  and  other  endocrine  disruptive  compounds 
have  been  clearly  identified  as  reproductive  toxicants,  other 
systems  including  the  central  nervous  system  (CNS)  may  also  be 
targeted  (Cooper  et  al, ,  1999;  Gore,  A.  C.,  2002;  Lafuente  et  al. , 
2003).  Furthermore,  the  mechanism(s)  of  action  of  these 
compounds  within  the  CNS  have  not  been  fully  investigated  at 
the  organelle  level.  Therefore,  the  primary  objective  of  the 
present  study  was  to  determine  the  effects  of  in  vitro  and  in  vivo 
mxc  exposure  on  brain  mitochondrial  respiration  and  ROS 
production.  Considering  the  recent  identification  of  mitochon¬ 
drial  CREB,  we  also  tested  the  hypothesis  that  mxc  increases 
mitochondrial  CREB  phosphorylation,  possibly  via  stimulation 
of  ROS  production.  The  results  of  this  study  provide  new  insight 
into  non-estrogenic  effects  of  mxc  that  alter  mitochondrial 
bioenergetics,  producing  oxidative  stress.  Mitochondrial  pCREB 
is  also  identified  as  a  new  potential  target  of  organochlorines. 


MATERIALS  AND  METHODS 

Chemicals  and  reagents.  1,1,1  -trichloro-2,2-bis(p-methoxyphenyl)ethane 
(methoxychlor,  mxc)  was  purchased  from  ChemService  (West  Chester,  PA)  in 
a  powdered  form  and  was  99%  pure.  All  other  reagents  were  purchased  from 
Sigma  (St.  Louis,  MO)  unless  otherwise  stated. 

Animals.  Female  CD-I  mice  (25  g,  39  days  old)  were  housed  five  animals 
per  cage,  and  male  Sprague-Dawley  rats  (300  g,  90  days  old)  were  housed  three 
animals  per  cage  at  the  University  of  Maryland  School  of  Medicine  Central 
Animal  Facility  and  provided  food  and  water  ad  libitum.  Animals  were 
subjected  to  12-h  lightidark  cycles.  Mice  were  dosed  via  intraperitoneal 
injection  with  16,  32,  or  64  mg/kg/day  mxc,  or  sesame  oil  (vehicle)  for  20 
continuous  days.  The  mice  were  sacrificed  when  in  estrus  to  minimize 


variability  due  to  hormonal  fluctuations  within  24—72  h  after  the  final  mxc 
treatment.  The  in  vivo  mxc  doses  were  selected  based  on  earlier  studies  showing 
deleterious  effects  in  the  ovaries  (Borgeest  et  al .,  2002,  2004).  The  University 
of  Maryland  School  of  Medicine  Institutional  Animal  Use  and  Care  Committee 
approved  all  procedures  involving  animal  care,  euthanasia,  and  tissue 
collection. 

Mitochondrial  isolation.  Male  Sprague-Dawley  rat  brains  and  female 
CD-I  mouse  brains  were  rapidly  dissected  then  further  processed  to  isolate 
non-synaptosomal  mitochondria  using  the  Percoll  isolation  method  described 
by  Sims  (1990).  Briefly,  after  decapitation,  the  forebrain  was  rapidly  removed 
and  placed  in  ice-cold  mannitol-sucrose  (MS)  buffer  pH  7.4  (225  mM  mannitol, 
75  mM  sucrose,  5  mM  Hepes,  1  mg/ml  fatty  acid  free  BSA,  1  mM  EGTA).  The 
brain  was  homogenized  then  centrifuged  twice  at  1317  X  g  for  3  min.  After 
a  further  10  min  centrifugation  at  21,074  X  g,  the  pellet  was  resuspended  in 
15%  Percoll  (Amersham  Biosciences,  Piscataway,  NJ)  then  layered  on 
a  discontinuous  Percoll  gradient  and  spun  at  29,718  X  g  for  8  min.  The 
mitochondrial  fraction  was  centrifuged  at  16,599  X  g  for  10  min  then  spun  at 
6668  X  g  for  10  min.  The  mitochondrial  pellet  was  resuspended  in  the  above 
buffer  but  without  BSA  or  EGTA.  Protein  concentrations  were  determined  by 
the  method  described  by  Lowry  et  al.  (1951). 

Mitochondrial  oxygen  consumption.  Oxidizable  respiratory  substrates 
consisting  of  either  5  mM  L-malate  plus  5  mM  L-glutamate,  5  mM  succinate 
plus  1  pM  rotenone,  or  0.02  mM  N,N,N',N'-tetramethyl-/?-phenylenediamine 
(TMPD)  plus  2  mM  ascorbate  and  1  pM  antimycin  A  in  potassium  chloride 
buffer  (30°C)  containing  125  mM  KC1  ultrapure  (Merck,  Whitehouse  Station, 
NJ),  20  mM  Hepes,  2  mM  K2HPO4,  0.01  mM  EGTA,  and  1  mM  MgCl2 
(pH  7.0)  were  placed  in  a  thermostatically  controlled  Clarke-type  02  electrode 
(Hansatech  Instruments,  Norfolk,  England).  Isolated  non-synaptosomal  rat  or 
mouse  brain  mitochondria  (0.25  mg/ml)  were  added  to  the  chamber  and  the 
rates  of  oxygen  consumption  were  measured.  For  the  in  vitro  mxc  treatment 
studies,  mxc  (0-10  pg/ml)  in  dimethyl  sulfoxide  (DMSO)  was  added  prior  to 
mitochondrial  addition.  State  3  respiration  was  initiated  2  min  after  the  addition 
of  mitochondria  by  the  addition  of  0.8  mM  ADP.  Approximately  2  min  later, 
state  3  respiration  was  terminated  and  state  40  respiration  (resting)  was  initiated 
with  addition  of  1.25  pg/ml  oligomycin,  an  inhibitor  of  the  mitochondrial  ATP 
synthase.  While  the  state  40  respiration  measured  in  the  presence  of  oligomycin 
is  not  equivalent  to  the  classical  state  4  rate  obtained  after  a  small  bolus  of  ADP 
is  almost  completely  converted  to  ATP,  the  use  of  oligomycin  eliminates  the 
contribution  of  ATP  cycling  via  hydrolysis  by  contaminating  ATPases  and 
resynthesis  by  the  mitochondrial  ATP  synthase  to  state  4  respiration.  The 
oligomycin-induced  state  40  rate  of  respiration  is  therefore  a  more  specific 
indicator  of  the  inner  membrane  proton  leakiness.  The  maximal  rate  of 
uncoupled  respiration  was  subsequently  measured  by  titration  with  54  nM 
carbonyl  cyanide  /?-(trifluoromethoxy)phenylhydrazone  (FCCP).  The  mito¬ 
chondrial  suspensions  were  centrifuged  at  18,522  X  g  for  3  min  and  the  pellet 
resuspended  in  lysis  buffer  (pH  7.4)  containing  0.5%  NP40  (USB,  Cleveland, 
OH),  1%  Triton  X-100,  150  mM  NaCl,  10  mM  Tris,  and  1%  protease  inhibitor 
cocktail  (Calbiochem,  San  Diego,  CA).  The  aliquots  were  stored  at  — 70°C. 

Mitochondrial  membrane  potential.  Mitochondrial  membrane  potential 
changes  in  isolated  non-synaptosomal  brain  mitochondria  (0.25  mg/ml)  were 
followed  qualitatively  by  monitoring  the  fluorescence  of  tetramethyl  rhodamine 
methyl  ester  (TMRM,  Molecular  Probes,  Eugene,  OR),  a  cationic  lipid-soluble 
probe  that  accumulates  in  energized  mitochondria.  Fluorescence  intensity  was 
measured  in  a  Hitachi  F-2500  fluorescence  spectrophotometer  (Tokyo,  Japan) 
using  the  549  nm  wavelength  for  excitation  and  the  emission  wavelength  set  at 
580  nm.  An  increase  in  fluorescence  represents  dequenching  of  TMRM  when 
the  probe  is  released  into  the  medium  upon  mitochondrial  depolarization. 
Briefly,  the  potassium  chloride  buffer  (30°C)  mentioned  above  was  used,  with 
addition  of  TMRM  (100  nM)  and  oxidizable  respiratory  substrates  consisting  of 
5  mM  L-malate  plus  5  mM  L-glutamate.  Following  mitochondrial  addition, 
sequential  mxc  (total  amount  10  pg/ml)  and  FCCP  (54  nM)  were  added. 

Mitochondrial  hydrogen  peroxide  production.  Hydrogen  peroxide 
(H2O2)  production  from  isolated  non-synaptosomal  mitochondria  from  rat 


MITOCHONDRIAL  TARGETS  OF  METHOXYCHLOR 


497 


and  mouse  brains  was  measured  fluorimetrically  utilizing  Amplex  Red 
(Molecular  Probes,  Eugene,  OR)  as  previously  described  (Starkov  and  Fiskum, 
2003).  Briefly,  the  potassium  chloride  buffer  (30°C)  mentioned  above  was  used, 
with  addition  of  5  U/ml  horseradish  peroxidase,  40  U/ml  Cu,  Zn  superoxide 
dismutase,  and  1  pM  Amplex  Red.  Measurements  were  initiated  prior  to 
addition  of  mxc  and  mitochondria  to  identify  background  rates.  Methoxychlor 
(0-10  pg/ml)  in  DMSO  was  added  to  the  cuvette  prior  to  mitochondria  in 
studies  using  rat  brain  mitochondria.  After  mitochondrial  addition,  the  oxidiz- 
able  substrates  5  mM  L-malate  plus  5  mM  L-glutamate  were  added.  Adenosine 
diphosphate  (0.8  mM)  was  added  a  minute  later,  followed  by  oligomycin 
(1.25  pg/ml).  When  malate/glutamate  were  used  as  substrates,  1  pM  rotenone 
was  added,  following  oligomycin  treatment.  For  experiments  using  alternative 
substrates,  1  pM  rotenone  was  added  followed  by  5  mM  succinate  and  1  pM 
antimycin  A  addition  after  the  oligomycin.  Detection  of  H202  production 
was  measured  as  an  increase  in  fluorescence  of  Amplex  Red  dye  at  585  nm  with 
the  excitation  wavelength  set  at  550  nm.  The  dye  response  was  calibrated 
with  addition  of  a  known  amount  of  H202  (1  nmol).  The  concentration  of  the 
H202  stock  was  calculated  from  light  absorbance  at  240  nm  employing 
E24o  =  43.6  M_1  cm-1. 

Experiments  using  DMSO  (vehicle  control)  alone  were  performed  for  all  the 
procedures  mentioned  above  and  DMSO  was  determined  to  have  no  effect  on 
the  parameters  measured.  The  DMSO  concentrations  in  all  experiments  were 
kept  below  0.5%  (data  not  shown). 

pCREB  immunoreactivity.  Mitochondrial  samples  were  assessed  using  an 
enzyme-linked  immunosorbent  assay  (ELISA  kit;  BioSource  International, 
Camarillo,  CA)  that  recognized  pCREB  phosphorylated  at  serine  133.  pCREB 
levels  were  determined  according  to  the  manufacturer's  protocol. 

Statistical  analysis.  Data  are  expressed  as  means  ±  SE,  and  the 
comparisons  between  experimental  groups  were  made  with  SPSS  statistical 
software  (SPSS,  Inc.,  Chicago,  IL)  using  a  regression  analysis  (test  for  trend). 
Statistical  significance  was  assumed  at  p  <  0.05. 


RESULTS 

Methoxychlor  Alters  Rat  Brain  Mitochondrial  Respiration 

and  Membrane  Potential 

After  isolation  of  non-synaptosomal  mitochondria  from  rat 
forebrain,  we  determined  whether  and  how  mxc  affects 
respiration.  In  untreated  mitochondria,  ADP  addition  to  the 
mitochondrial  suspension  in  the  presence  of  the  oxidizable 
substrates  malate  and  glutamate  initiated  state  3  respiration 
(Fig.  1A).  Addition  of  the  mitochondrial  ATP  synthase  in¬ 
hibitor  oligomycin  reduced  the  rate  of  O2  consumption  to  that 
of  state  40  respiration,  limited  by  the  proton  permeability  of  the 
inner  membrane.  In  a  few  experiments,  the  rate  of  respiration 
was  measured  in  the  presence  of  the  protonophore  uncoupler 
FCCP,  which  stimulated  respiration  due  to  rapid  futile  cycling 
of  protons  across  the  inner  membrane  and  collapse  of  the 
electrochemical  gradient  (Fig.  1A).  The  rate  of  respiration  in 
the  presence  of  FCCP  is  limited  by  the  rate  of  electron 
transport  rather  than  the  ATP  synthase  or  adenine  nucleotide 
translocase  activities,  which  can,  under  some  circumstances, 
limit  the  rate  of  state  3  respiration.  The  lower  trace  in  Figure 
1A  details  control  conditions  without  mxc  addition,  whereas 
the  upper  trace  demonstrates  that  the  presence  of  mxc  (10  pg/ml) 
resulted  in  a  48%  inhibition  of  state  3  respiration  and  a  43% 
increase  in  the  state  40  rate.  Methoxychlor  also  inhibited 


FIG.  1.  Oxygen  electrode  measurements  of  respiration  and  fluorescence 
measurements  of  membrane  potential  using  isolated  rat  brain  mitochondria. 
A.  Representative  traces  of  mitochondrial  oxygen  consumption  ±  in  vitro 
methoxychlor  (mxc,  10  pg/ml)  treatment  in  the  presence  of  L-malate  (5  mM), 
L-glutamate  (5  mM),  ADP  (0.8  mM)  to  initiate  state  3  respiration,  and 
oligomycin  (1.25  pg/ml)  to  induce  state  40  respiration.  Maximal,  uncoupled 
respiration  was  initiated  with  the  protonophore  carbonyl  cyanide  /?-(trifluor- 
omethoxy)phenylhydrazone  (FCCP,  54  nM).  The  traces  are  representative  of 
three  to  six  separate  experiments.  B.  Representative  trace  of  changes  in 
mitochondrial  membrane  potential  (A*P)  following  sequential  additions  of  mxc 
(total  amount  10  pg/ml)  in  the  presence  of  L-malate  (5  mM)  plus  L-glutamate 
(5  mM).  Maximal  A1/7  in  uncoupled  mitochondria  was  initiated  with  FCCP 
(54  nM).  The  trace  is  representative  of  three  separate  experiments.  A.U., 
arbitrary  units. 

FCCP-stimulated  respiration  by  35%,  suggesting  a  site  of 
action  at  the  electron  transport  chain  rather  than  the  ATP 
synthase. 

The  finding  that  10  pg/ml  mxc  both  inhibits  state  3 
respiration  and  stimulates  state  40  respiration  suggests  that 
mitochondrial  membrane  potential  could  be  impaired.  Quali¬ 
tative,  fluorescent  TMRM  measurements  of  mitochondrial 
membrane  potential  were  performed  under  the  same  conditions 
used  for  the  respiratory  measurements,  except  that  ADP  was 
absent  (Fig.  IB).  Using  suspensions  of  isolated  mitochondria, 
depolarization  causes  an  increase  in  TMRM  fluorescence  due 
to  dequenching  upon  release  of  the  fluorophore  from  mito¬ 
chondria  into  the  medium.  After  sequential  additions  of  mxc 
totaling  10  pg/ml,  the  TMRM  fluorescence  increased  toward 
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the  level  obtained  in  the  presence  of  FCCP;  however,  no 
mitochondrial  depolarization  was  apparent  at  total  doses  of 
either  1  or  5  pg/ml. 

The  dose-response  relationships  for  mxc  and  mitochondrial 
respiration  are  shown  in  Figure  2.  The  mxc  doses  used  in  these 
experiments  were  based  on  the  studies  of  Miller  et  al.  (2005) 
assessing  the  effects  of  mxc  on  apoptosis  in  vitro.  Exposure  to 
mxc  (0-10  pg/ml)  significantly  reduced  state  3  respiration 
when  electron  transport  chain  complex  I  substrates  malate  and 
glutamate  were  present  ( p  <  0.001  compared  to  vehicle 
control)  (Fig.  2A).  In  the  presence  of  the  complex  II  substrate 
succinate  and  the  complex  I  inhibitor  rotenone,  mxc  also 
demonstrated  significant  inhibition  of  state  3  respiration  ( p  < 
0.001)  (Fig.  2A).  Complex  I-dependent  respiration  appeared 
more  sensitive  to  inhibition  than  that  of  complex  II  (5  pg/ml 
mxc  resulted  in  a  40%  inhibition  of  respiration  on  malate  plus 
glutamate  compared  to  a  19%  inhibition  for  succinate  plus 
rotenone).  Ascorbate  plus  TMPD  were  used  to  donate  electrons 
to  cytochrome  c  and  then  through  complex  IV  to  CF  to  probe 
for  any  effects  of  mxc  on  this  distal  portion  of  the  electron 
transport  chain.  No  significant  effect  on  state  3  respiration 
following  addition  of  mxc  was  observed  under  these  conditions 
(p  =  0.61.  Fig.  2A). 

After  addition  of  oligomycin,  in  vitro  mxc  treatment  pro¬ 
duced  a  small  but  significant  increase  in  state  40  respiration 
in  the  presence  of  the  complex  II-linked  substrate  succinate 
(p  <  0.001  as  compared  to  vehicle  control;  Fig.  2B).  No 
significant  effects  of  mxc  on  state  40  respiration  were  observed 
when  using  either  malate  plus  glutamate  or  ascorbate/TMPD  as 
oxidizable  substrates  (p  =  0.147  and  p  =  0.333,  respectively; 
Fig.  2B).  Despite  the  lack  of  an  effect  on  state  40  respiration  in 
the  presence  of  malate  plus  glutamate,  mxc  caused  a  dose- 
dependent  reduction  in  the  respiratory  control  ratio  (RCR)  (p  < 
0.001  compared  to  vehicle  control;  Fig.  2C).  For  example,  in 
the  presence  of  mxc  at  1  and  10  pg/ml,  the  RCR  values  were 
3.38  ±  1.04  and  2.21  ±  0.54,  respectively,  compared  to  6.41  ± 
1.22  in  the  absence  of  mxc  (Fig.  2C). 

In  Vitro  Methoxychlor  Treatment  Increases  ROS  Production 

by  Rat  Brain  Mitochondria 

Because  inhibition  of  mitochondrial  respiration  can,  under 
some  circumstances,  result  in  increased  production  of  ROS,  we 
next  determined  whether  mxc  stimulated  mitochondrial  ROS 
production.  As  described  previously  (Starkov  and  Fiskum, 
2003),  fluorescent  Amplex  Red  measurements  of  H2O2  were 
made  with  isolated  brain  mitochondria  exposed  to  subsequent 
additions  of  malate  plus  glutamate,  ADP,  oligomycin,  and 
rotenone  (Fig.  3A  and  B).  The  presence  of  10  pg/ml  mxc 
resulted  in  an  approximately  sevenfold  increase  in  H2O2 
production  during  state  3  respiration  (Fig.  3B)  as  compared 
with  control  (Fig.  3A). 

Since  mxc  inhibition  of  respiration  was  greatest  in  the 
presence  of  complex  I  substrates,  we  hypothesized  that  the 


B  — • MAL/GLUT  -  -S SUCCINATE  — TMPD 


FIG.  2.  Dose-dependent  effects  of  in  vitro  methoxychlor  treatment  on  rat 
brain  mitochondria  respiring  on  different  oxidizable  substrates.  A.  Mean  state  3 
oxygen  consumption  rates  following  exposure  of  isolated  mitochondria  to 
in  vitro  mxc  (0-10  pg/ml)  in  the  presence  of  either  L-malate  (5  mM)  plus  L- 
glutamate  (5  mM);  succinate  (5  mM)  and  rotenone  (1  pM);  or  N,N,N',N'- 
Tetramethyl-/?-phenylenediamine  (TMPD,  0.02  mM),  ascorbate  (2  mM),  and 
antimycin  A  (1  pM),  measured  as  shown  in  Figure  1A.  (B)  Mean  state  40 
oxygen  consumption  rates  following  addition  of  1 .25  pg/ml  oligomycin  were  as 
shown  in  Figure  1A.  Data  are  expressed  as  mean  oxygen  consumption  rates 
(nmol  oxygen/min/mg  mitochondrial  protein)  and  represent  the  mean  ±  SEM  of 
three  to  six  separate  experiments.  **Significantly  different  ( p  <  0.001)  from 
control.  C.  Mean  respiratory  control  ratios  following  exposure  of  isolated 
mitochondria  to  in  vitro  mxc  (0-10  pg/ml)  in  the  presence  of  L-malate  (5  mM) 
plus  L-glutamate  (5  mM).  Data  are  expressed  as  the  ratio  of  state  3  rates: state  40 
rates  and  represent  the  mean  ±  SEM  of  three  to  six  separate  experiments. 
** Significantly  different  ( p  <  0.001)  from  control. 
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FIG.  3.  Fluorescent  Amplex  Red  measurements  of  H202  production  in  isolated  rat  brain  mitochondria  exposed  in  vitro  to  methoxychlor.  Representative 
spectrofluorometer  measurements  of  H202  production  (A)  without  mxc  or  (B)  plus  mxc  (10  pg/ml)  in  the  presence  of  L-malate  (5  mM)  plus  L-glutamate  (5  mM), 
ADP  (0.8  mM)  to  initiate  state  3  respiration,  and  oligomycin  (1.25  pg/ml)  to  induce  state  40  respiration.  Mean  H202  production  rates  after  exposure  of  actively 
respiring  mitochondria  to  mxc  (0-10  pg/ml)  in  the  presence  of  complex  I-linked  substrates  (C)  or  complex  II-linked  substrates  (D).  Values  represent  mean  H202 
production  rates  (pmol/min/mg  mitochondrial  protein)  ±  SEM  of  three  to  four  separate  experiments.  *Significantly  different  (p  <  0.01);  ** significantly  different 
(p  <  0.001)  from  control. 


effect  of  mxc  on  ROS  production  would  be  more  pronounced 
with  malate  plus  glutamate  than  with  succinate  in  the  pre¬ 
sence  of  rotenone.  The  rate  of  H2O2  production  at  state  3 
respiration  with  malate  plus  glutamate  as  substrates  increased 
significantly  with  increasing  doses  of  mxc  as  compared  with 
vehicle  control  (p  <  0.001;  Fig.  3C).  In  the  presence  of 
oligomycin  (state  40),  mxc  had  no  significant  effect  on 
mitochondrial  H2O2  generation  (p  =  0.65;  Fig.  3C).  In  con¬ 
trast  to  the  stimulatory  effect  of  mxc  on  ROS  production  with 
malate  plus  glutamate,  mxc  caused  a  significant  reduction  in 
succinate-supported  ROS  generation  under  both  state  3  and 
state  40  respiration  ( p  <  0.001  and  p  <  0.01,  respectively; 
Fig.  3D). 


Effect  of  Chronic  Methoxychlor  Exposure  in  Mice  on  Brain 

Mitochondrial  Respiration  and  H2O2  Production 

Considering  the  effects  of  mxc  on  mitochondrial  respiration 
and  ROS  production  in  vitro,  experiments  were  performed  to 
probe  for  possible  effects  of  mxc  on  brain  mitochondria  in  vivo. 
Female  CD-I  mice  were  treated  with  mxc  (0-64  mg/kg/day)  in 
sesame  oil  via  ip  injection  for  20  consecutive  days  prior  to  the 
mitochondrial  isolation.  This  dose  range  was  used  because  it 
produces  follicular  atresia  (Borgeest  et  al.,  2002,  2004)  and 
oxidative  injury  to  the  testes  (Latchoumycandane  and  Mathur, 
2002).  State  3  respiration  with  the  complex  I-linked  substrates 
malate  and  glutamate  was  significantly  lower  for  brain 
mitochondria  isolated  from  the  mxc-treated  mice  compared 
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FIG.  4.  Effects  of  in  vivo  methoxychlor  treatment  on  mouse  brain 
mitochondria  respiring  on  different  oxidizable  substrates.  A.  Mean  state  3 
oxygen  consumption  rates  in  the  presence  of  either  L-malate  (5  mM)  plus  L- 
glutamate  (5  mM)  or  succinate  (5  mM)  and  rotenone  (1  pM)  following  in  vivo 
mxc  treatment  (0-64  mg/kg/day)  prior  to  mitochondrial  isolation.  B.  Mean  state 
40  oxygen  consumption  rates  following  addition  of  1 .25  pg/ml  oligomycin.  Data 
are  expressed  as  mean  oxygen  consumption  rates  (nmol  oxygen/min/mg 
mitochondrial  protein)  and  represent  the  mean  ±  SEM  of  four  separate 
experiments  per  treatment  group.  *  Significantly  different  ( p  <  0.05)  from 
control. 

to  those  treated  with  the  drug  vehicle  (p  <  0.05;  Fig.  4A).  There 
was  a  similar  trend  toward  inhibition  for  respiration  using  the 
complex  Il-linked  substrate  succinate  with  rotenone  ( p  =  0.08; 
Fig.  4A).  No  significant  changes  in  state  4C  respiration  were 


observed  with  either  complex  I-  or  complex  II- linked  substrates 
(p  =  0.19  and  p  =  0.56,  respectively;  Fig.  4B). 

Because  in  vivo  mxc  treatment  resulted  in  the  inhibition  of 
brain  mitochondrial  respiration,  we  then  determined  whether 
in  vivo  treatment  also  results  in  stimulation  of  FECE  production 
by  isolated  mitochondria.  No  significant  differences  in  H2O2 
production  were  observed  across  treatment  groups  with  either 
complex  I-linked  (Fig.  5A),  or  complex  Il-linked  substrates 
(Fig.  5B). 

In  Vitro  Methoxychlor  Treatment  Increases  the 

Phosphorylation  State  of  Brain  Mitochondrial  Ca2+/ 
cAMP  Response  Element  Binding  Protein  (CREB) 

Since  it  is  well  established  in  the  literature  that  CREB  can 
be  phosphorylated  and  therefore  activated  following  oxidative 
stress,  we  tested  the  hypothesis  that  CREB  is  a  downstream 
target  following  mxc  inhibition  of  mitochondrial  respiration 
and  stimulation  of  ROS  production.  At  the  end  of  the  experi¬ 
ments  measuring  the  effects  of  mxc  on  respiration,  the 
mitochondrial  suspensions  were  centrifuged  and  the  mitochon¬ 
drial  pellet  retrieved  for  ELISA  measurements  that  are  specific 
for  the  phosphorylated  form  of  CREB  (pCREB).  As  anticipated 
based  on  the  stimulation  of  ROS  production  by  mxc  in  the 
presence  of  malate  plus  glutamate,  mxc  also  caused  a  signifi¬ 
cant  increase  in  mitochondrial  pCREB  immunoreactivity  (p  < 
0.05;  Fig.  6A).  Methoxychlor  also  caused  a  significant  eleva¬ 
tion  of  pCREB  immunoreactivity  in  the  presence  of  succinate 
plus  rotenone,  even  though  it  did  not  stimulate  ROS  production 
under  these  conditions  ( p  <  0.001;  Fig.  6A). 

To  further  assess  the  effect  of  mxc  on  CREB  phosphoryla¬ 
tion,  mitochondria  were  incubated  in  the  absence  and  presence 
of  mxc  in  the  absence  of  exogenous  respiratory  substrates, 
a  condition  that  virtually  eliminates  mitochondrial  ROS 
formation  (Fig.  3A  and  B).  Additionally,  ATP  (3  mM)  was 
present  to  act  as  a  phosphate  source  for  CREB  phosphorylation. 
In  the  presence  of  ATP  and  the  absence  of  respiratory 
substrates,  pCREB  immunoreactivity  was  significantly  ele¬ 
vated  by  mxc  (p  <  0.001,  Fig.  6B),  whereas  mxc  had  no  effect 
on  pCREB  in  the  absence  of  ATP.  These  results  indicate  that 
while  mxc  increases  mitochondrial  pCREB  immunoreactivity, 
the  stimulation  of  mitochondrial  ROS  production  by  mxc  is  not 
required  to  trigger  this  response. 

Similar  measurements  were  performed  with  the  mitochondrial 
samples  obtained  from  the  in  vivo  mxc -treated  mouse  experi¬ 
ments.  No  significant  effects  of  in  vivo  mxc  treatment  on  pCREB 
immunoreactivity  were  present  following  incubation  of  mito¬ 
chondria  in  the  presence  of  complex  I-  or  complex  Il-linked 
substrates  (p  =  0.124  and  p  =  0.897,  respectively;  Fig.  6C). 

DISCUSSION 

This  study  is,  to  our  knowledge,  the  first  to  demonstrate  the 
effects  of  methoxychlor  on  brain  mitochondrial  respiration  and 
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FIG.  5.  Fluorescent  Amplex  Red  measurements  of  H2O2  production  in  isolated  mouse  brain  mitochondria  treated  in  vivo  with  methoxychlor.  Mean  H2O2 
production  rates  following  in  vivo  mxc  treatment  (0-64  mg/kg/day)  prior  to  mitochondrial  isolation  in  the  presence  of  actively  respiring  mitochondria  utilizing 
complex  I-linked  substrates  (A)  or  complex  II-linked  substrates  (B).  Values  represent  mean  H2O2  production  rates  (pmol/min/mg  mitochondrial  protein)  ±  SEM  for 
four  separate  experiments  per  treatment  group.  No  significant  differences  were  observed  between  treatment  groups  and  vehicle  controls. 


production  of  ROS.  Our  results  comparing  the  effects  of  mxc 
on  mitochondrial  O2  consumption  using  oxidizable  substrates 
that  deliver  electrons  to  different  locations  within  the  electron 
transport  chain  further  define  the  regions  of  this  pathway  that 
are  most  affected  by  mxc.  In  vitro ,  mxc  treatment  significantly 
inhibits  ADP-stimulated  (state  3)  respiration  in  the  presence  of 
the  complex  I-linked  substrates  malate  plus  glutamate  and  the 
complex  II-linked  substrate  succinate  (Fig.  2A),  but  it  has  no 
effect  on  O2  consumption  when  measured  in  the  presence  of 
ascorbate  plus  TMPD,  which  deliver  electrons  to  complex  IV 
via  cytochrome  c  (Fig.  2A).  In  addition,  non-synaptosomal 
mitochondria  isolated  from  mxc-treated  mice  exhibit  signifi¬ 
cantly  inhibited  state  3  respiration  in  the  presence  of  complex  I- 
linked  substrates  but  not  in  the  presence  of  succinate  plus 
rotenone  (Fig.  4A).  Thus,  electron  flow  through  complex  I  and, 
to  a  lesser  extent  complex  II  or  III,  is  sensitive  to  inhibition  by 
mxc  treatment  in  vitro  whereas  only  flow  through  complex  I  is 
affected  by  mxc  treatment  in  vivo. 

In  addition  to  the  respiratory  inhibition  most  evident  using 
complex  I-dependent  substrates,  in  vitro  mxc  treatment  signif¬ 
icantly  increases  state  4C  respiration  in  the  presence  of 
succinate  plus  rotenone  (Fig.  2B).  However,  no  significant 
effect  on  state  40  respiration  was  observed  across  treatment 
groups  in  mitochondria  isolated  from  in  vivo  mxc-treated  mice 
(Fig.  4B).  Thus,  because  state  40  mitochondrial  O2  consump¬ 
tion  in  the  presence  of  the  ATP  synthase  inhibitor  oligomycin  is 
limited  by  the  rate  of  H+  influx  across  the  inner  membrane, 
stimulation  of  state  4C  respiration  by  mxc  is  likely  due  to 
a  nonspecific  increase  in  the  ion  permeability  of  the  inner 
membrane  caused  by  this  lipophilic  compound.  This  uncou¬ 
pling  effect  is  not  as  apparent  in  the  presence  of  malate  plus 
glutamate,  because  it  is  counteracted  by  more  extensive 
respiratory  inhibition.  This  interpretation  is  supported  by  the 


finding  that  mxc  significantly  lowers  the  respiratory  control 
ratio  measured  in  the  presence  of  these  substrates.  The  effects 
of  mxc  on  respiratory  coupling  are  also  reflected  by  the  partial 
loss  of  mitochondrial  membrane  potential  observed  at  10  pg/ml 
mxc  (Fig.  IB).  In  summary,  mxc  is  a  respiratory  inhibitor, 
particularly  in  the  presence  of  complex  I-linked  substrates,  and 
it  is  also  a  relatively  mild  respiratory  uncoupler.  The  dual 
adverse  actions  of  mxc  on  mitochondrial  respiration  indicate 
that  it  has  the  potential  to  induce  cell  death  through  metabolic 
failure  or  through  adverse  effects  on  respiration-linked  activ¬ 
ities,  e.g.,  superoxide  formation. 

Other  toxicants,  e.g.,  DDT  and  paraquat,  which  inhibit  the 
normal  flow  of  electrons  through  the  mitochondrial  electron 
transport  chain,  also  have  the  potential  for  increasing  mito¬ 
chondrial  ROS  production  (Byczkowski  and  Tluczkiewicz, 
1978;  Tawara  et  ai,  1996).  In  our  experiments,  the  rate  of 
mitochondrial  H2O2  production  in  the  presence  of  malate  plus 
glutamate  and  ADP  was  increased  by  more  than  300%  in  the 
presence  of  10  pg/ml  mxc  (Fig.  3C).  The  stimulation  observed 
under  state  3.  but  not  state  40  conditions  is  consistent  with  the 
state  3-specific  respiratory  inhibition  observed  with  mxc. 
Maximal  ROS  production  in  the  presence  of  complex  I- 
dependent  substrates  is  observed  in  the  presence  of  a  saturating 
concentration  of  the  pesticide  rotenone  (Fig.  3A).  The  obser¬ 
vation  that  mxc  slightly  inhibits  the  ROS  production  in  the 
presence  of  rotenone  (Fig.  3B)  indicates  that  the  sites  of  action 
of  these  toxicants  within  complex  I  are  different  and  mxc  acts 
at  a  redox  site  proximal  to  the  site  targeted  by  rotenone. 
Methoxychlor  inhibits  rather  than  stimulates  H2O2  production 
when  using  the  complex  II  substrate  succinate  (Fig.  3D).  As 
mitochondrial  ROS  generation  is  regulated  by  the  mitochon¬ 
drial  membrane  potential  through  its  influence  of  the  redox 
state  of  mitochondrial  electron  transport  chain  components, 
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FIG.  6.  Effects  of  methoxychlor  on  mitochondrial  pCREB.  A.  pCREB  levels  (ng/mg  mitochondrial  protein)  as  assessed  by  ELISA  following  exposure  of 
respiring  rat  brain  mitochondria  to  in  vitro  mxc  (0-10  pg/ml)  treatment  in  experiments  such  as  those  shown  in  Figure  2A  and  B.  Mitochondrial  pCREB  levels  after 
incubation  of  rat  brain  mitochondria  with  mxc  (0-10  pg/ml)  in  the  absence  of  respiratory  substrates  and  in  the  absence  or  presence  of  ATP  (3  mM).  C.  pCREB 
levels  (ng/mg  mitochondrial  protein)  as  assessed  by  ELISA  after  in  vivo  mxc  (0-64  mg/kg/day)  treatment  in  respiration  experiments  shown  in  Figure  4A.  Values 
represent  the  means  ±  SEM  for  three  to  six  separate  experiments.  *Significantly  different  (p  <  0.05);  **significantly  different  ( p  <  0.001)  from  control. 


inhibition  of  succinate-supported  H202  production  is  explained 
by  the  mild  membrane  depolarization  known  to  inhibit  ROS 
formation  (Starkov  and  Fiskum,  2003).  In  summary,  our  direct 
measurements  of  the  effect  of  mxc  on  H2O2  production  by 
isolated  brain  mitochondria  support  the  hypothesis  that  the 
toxicity  of  mxc  is  due  in  part  to  oxidative  stress  caused  by  its 
inhibition  of  electron  flow  through  complex  I  of  the  electron 
transport  chain.  Moreover,  our  results  extend  the  findings  of 
Latchoumycandane  and  Mather  (2002)  by  demonstrating  that 
mxc-induced  oxidative  stress  is  not  limited  to  the  male 
reproductive  system. 

Although  mxc  stimulates  mitochondrial  ROS  production 
in  vitro,  the  rate  of  H2O2  production  by  mitochondria  isolated 
from  mice  following  in  vivo  mxc  treatment  was  unchanged 
compared  to  vehicle-treated  controls  (Fig.  5).  The  presence  of 
BSA  in  the  mitochondrial  isolation  medium  likely  depletes  the 


mitochondria  of  any  residual  mxc  present  in  situ  at  the  time  the 
brain  is  removed.  Thus,  any  mitochondrial  alterations  observed 
following  isolation  are  the  sequelae  from  the  effects  of  mxc 
in  vivo.  Because  complex  I  is  sensitive  to  inhibition  by  ROS 
(Hillered  and  Ernster,  1983),  stimulation  of  mitochondrial  ROS 
formation  by  mxc  present  in  the  brains  of  chronically  treated 
mice  may  result  in  oxidative  modifications  to  complex  I  that 
are  manifested  as  inhibition  of  state  3  respiration  in  the 
presence  of  malate  plus  glutamate.  The  absence  of  elevated 
H202  production  by  mitochondria  isolated  from  mxc-treated 
animals  indicates  that  the  degree  or  nature  of  respiratory 
inhibition  observed  after  mitochondrial  isolation  is  insufficient 
to  cause  a  detectable  stimulation  of  ROS  production.  It  is  also 
possible  that  the  metabolites  of  mxc  generated  in  vivo  have 
direct  or  indirect  effects  on  brain  mitochondria  that  are 
different  from  what  we  characterized  for  mxc  in  vitro.  Further 
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studies  are  therefore  necessary  to  determine  the  mechanisms  of 
action  of  mxc  on  brain  mitochondria  in  vivo. 

A  unique  finding  of  this  study  is  that  in  vitro  mxc  treatment 
increases  the  immunoreactivity  of  phosphorylated  CREB 
within  mitochondria  at  mxc  concentrations  similar  to  those 
that  both  inhibit  respiration  and  stimulate  mitochondrial  ROS 
production.  Several  labs  have  documented  the  presence  of 
CREB  and  pCREB  in  mitochondria  (Cammarota  et  al.,  1999; 
Schuh  et  al.,  2005;  Ryu  et  al.,  2003),  and  we  recently 
demonstrated  how  the  mitochondrial  CREB  phosphorylation 
state  is  regulated  by  both  physiological  and  pathological  levels 
of  Ca2+  (Schuh  et  al.,  2005).  As  oxidative  stress  can  stimulate 
nuclear  gene  expression  via  an  increase  in  cellular  CREB 
phosphorylation,  we  hypothesized  that  the  mitochondrial 
oxidative  stress  caused  by  mxc  increases  mitochondrial 
pCREB  levels  in  vitro.  After  measurements  of  respiration, 
pCREB  present  within  isolated  brain  mitochondria  was 
measured.  pCREB  levels  were  significantly  elevated  in  the 
presence  of  in  vitro  mxc-treated  mitochondria  respiring  on 
either  malate  and  glutamate  or  succinate  (Fig.  6A).  Because 
mxc  inhibits  ROS  production  with  succinate  as  electron  donor, 
we  measured  the  effects  of  mxc  on  pCREB  levels  in  the 
absence  of  oxidizable  substrates  where  mitochondrial  H2O2 
production  is  negligible  (Starkov  and  Fiskum,  2003).  Methoxy- 
chlor  increases  mitochondrial  pCREB  immunoreactivity  in  the 
absence  of  respiration  and  ROS  production,  and  the  degree  to 
which  pCREB  is  elevated  is  greater  than  that  observed  in  the 
presence  of  oxidizable  substrates  (Fig.  6B). 

Because  the  results  do  not  support  the  hypothesis  that  mxc- 
induced  oxidative  stress  is  responsible  for  increased  mito¬ 
chondrial  CREB  phosphorylation  in  vitro,  the  effect  of  mxc  is 
likely  due  either  to  inhibition  of  a  phosphatase  or  to  activation 
of  a  kinase.  We  did  not  observe  an  effect  of  in  vivo  mxc 
treatment  on  mitochondrial  pCREB  immunoreactivity;  how¬ 
ever,  the  conditions  used  during  the  mitochondrial  isolation 
procedure  are  not  sufficient  to  clamp  CREB  phosphorylation 
at  the  state  in  which  it  exists  in  vivo.  As  studies  implicate  the 
cellular  CREB  pathway  in  the  response  of  tissues  other  than 
brain  to  mxc  and  other  organochlorines  (Chuang  and  Chuang, 
1998;  Zhang  and  Teng,  2002),  future  experiments  will 
determine  if  the  phosphorylation  state  of  mitochondrial  and 
non-mitochondrial  CREB  in  the  brain  are  affected  by  mxc  at 
the  in  vivo  doses  we  found  influence  brain  mitochondrial 
respiration. 

The  range  of  mxc  concentrations  that  produce  direct  effects 
on  mitochondrial  respiration,  ROS  production,  and  CREB 
phosphorylation  state  are  within  the  range  of  those  that  could 
feasibly  exist  in  vivo  at  doses  that  elicit  oxidative  stress  and  cell 
death.  The  doses  used  in  vivo  range  from  approximately  20  to 
200  mg/kg/day  (Gray  et  al,  1989).  If  the  tissue  concentrations 
generated  at  these  doses  are  only  1%  of  these  levels,  the  total 
concentration  is  in  the  range  of  0. 2-2.0  pg/ml,  i.e.,  comparable 
to  the  range  of  0.5-10.0  pg/ml  used  in  the  in  vitro  mitochon¬ 
drial  experiments.  It  is  impossible  at  this  juncture  to  relate 


these  levels  to  those  that  exist  in  humans,  as  virtually  no  data  on 
mxc  levels  in  human  tissue  are  available. 

It  is  well  established  that  compromised  mitochondrial 
respiration  plays  a  role  in  initiation  of  apoptotic  cascades. 
Additionally,  several  studies  have  suggested  a  relationship 
between  defective  energy  metabolism  and  neurodegenerative 
diseases  including  Alzheimer’s  disease  (Mutisya  et  al.,  1994) 
and  Parkinson’s  disease  (Greenamyre  et  al.,  (1999).  Thus,  the 
findings  that  mxc  inhibits  brain  mitochondrial  respiration, 
stimulates  ROS  production,  and  increases  mitochondrial  CREB 
phosphorylation  warrant  further  investigation  into  the  role 
that  endocrine-disruptive  compounds  may  play  utilizing  non- 
estrogenic  mechanisms  of  action,  including  those  present 
within  mitochondria. 


ACKNOWLEDGMENTS 

This  work  was  supported  by  National  Institute  of  Environmental  Health 
Sciences  (NIEHS)  grant  ES07263  to  R.A.S.,  NIEHS  grant  ES13061-01  to 
J.A.F.,  National  Institutes  of  Health  (NIH)  grant  R21NS050653  to  T.K.,  and 
NIH  grants  NS34152,  HD0 16596,  and  U.S.  Army  Medical  Research  and 
Material  Command  Neurotoxin  Research  Program  grant  DAMD  17—99—1 — 
9483  to  G.F. 


REFERENCES 

Bedogni,  B.,  Pani,  G.,  Colavitti,  R.,  Riccio,  A.,  Borello,  S.,  Murphy,  M., 
Smith,  R.,  Eboli,  M.  L.,  and  Galeotti,  T.  (2003).  Redox  regulation  of  cAMP- 
responsive  element-binding  protein  and  induction  of  manganous  superoxide 
dismutase  in  nerve  growth  factor-dependent  cell  survival.  J.  Biol.  Chem.  278, 
16510-16519. 

Borgeest,  C.,  Symonds,  D.,  Mayer,  L.  P.,  Hoyer,  P.  B.,  and  Flaws,  J.  A.  (2002). 
Methoxychlor  may  cause  ovarian  follicular  atresia  and  proliferation  of  the 
ovarian  epithelium  in  the  mouse.  Toxicol.  Sci.  68,  473^178. 

Borgeest,  C.,  Miller,  K.  R,  Gupta,  R.,  Greenfeld,  C.,  Hruska,  K.  S.,  Hoyer,  P, 
and  Flaws,  J.  A.  (2004).  Methoxychlor-induced  atresia  in  the  mouse  involves 
Bcl-2  family  members,  but  not  gonadotropins  or  estradiol.  Biol.  Reprod.  70, 
1828-1835. 

Botella,  B.,  Crespo,  J.,  Rivas,  A.,  Cerrillo,  I.,  Olea-Serrano,  M.  F.,  and  Olea,  N. 
(2004).  Exposure  of  women  to  organochlorine  pesticides  in  Southern  Spain. 
Environ.  Res.  96,  34-40. 

Byczkowski,  J.  Z.,  and  Tluczkiewicz,  J.  (1978).  Comparative  study  of 
respiratory  chain  inhibition  by  DDT  and  DDE  in  mammalian  and  plant 
mitochondria.  Bull.  Environ.  Contam.  Toxicol.  20,  505-512. 

Cammarota,  M.,  Paratcha,  G.,  Bevilaqua,  L.,  Levi  de  Stein,  M.,  Lopez,  M., 
Pellegrino  de  Iraldi,  A.,  Izquierdo,  I.,  and  Medina,  J.  H.  (1999).  Cyclic  AMP- 
responsive  element  binding  protein  in  brain  mitochondria.  J.  Neurochem.  72, 
2272-2277. 

Chedrese,  P.  J.,  and  Feyles,  F.  (2001).  The  diverse  mechanism  of  action  of 
dichlorodiphenyldichloroethylene  (DDE)  and  methoxychlor  in  ovarian  cells 
in  vitro.  Reprod.  Toxicol.  15,  693-698. 

Chen,  J.,  Li,  Y.,  Lavigne,  J.  A.,  Trush,  M.  A.,  and  Yager,  J.  D.  (1999).  Increased 
mitochondrial  superoxide  production  in  rat  liver  mitochondria,  rat  hepato- 
cytes  and  HepG2  cells  following  ethinyl  estradiol  treatment.  Toxicol.  Sci.  51, 
224-235. 

Chuang,  L.  F.,  and  Chuang,  R.  Y.  (1998).  Heptachlor  and  the  mitogen-activated 
protein  kinase  module  in  human  lymphocytes.  Toxicology  128,  17-23. 


504 


SCHUH  ET  AL. 


Cooper,  R.  L.,  Goldman,  J.  M.,  and  Stoker,  T.  E.  (1999).  Neuroendocrine  and 
reproductive  effects  of  contemporary-use  pesticides.  Toxicol,  bid.  Health 
15,  26-36. 

Cummings,  A.  M.  (1997).  Methoxychlor  as  a  model  for  environmental 
estrogens.  Crit.  Rev.  Toxicol.  27,  367-379. 

Gore,  A.  C.  (2002).  Organochlorine  pesticides  directly  regulate  gonadotropin¬ 
releasing  hormone  gene  expression  and  biosynthesis  in  the  GT1-7  hypotha¬ 
lamic  cell  line.  Mol.  Cell.  Endocrinol.  192,  157-170. 

Gray,  L.  E.,  Jr.,  Ostby,  J.,  Ferrell,  J.,  Rehnberg,  G.,  Linder,  R.,  Cooper,  R., 
Goldman,  J.,  Slott,  V.,  and  Laskey,  J.  (1989).  A  dose-response  analysis  of 
methoxychlor-induced  alterations  of  reproductive  development  and  function 
in  the  rat.  F undam.  Appl.  Toxicol.  12,  92-108. 

Greenamyre,  J.  T.,  MacKenzie,  G.,  Peng,  T.  I.,  and  Stephans,  S.  E.  (1999). 
Mitochondrial  dysfunction  in  Parkinson’s  disease.  Biochem.  Soc.  Symp.  66, 
85-97. 

Hillered,  L.,  and  Ernster,  L.  (1983).  Respiratory  activity  of  isolated  rat  brain 
mitochondria  following  in  vitro  exposure  to  oxygen  radicals.  J.  Cereb.  Blood 
Flow  Metabol.  3,  207-214. 

Hodges,  L.  C.,  Bergerson,  J.  S.,  Hunter,  D.  S.,  and  Walker,  C.  L.  (2000). 
Estrogenic  effects  of  organochlorine  pesticides  on  uterine  leiomyoma  cells 
in  vitro.  Toxicol.  Sci.  54,  355-364. 

Kannan,  K.,  and  Jain,  S.  K.  (2003).  Oxygen  radical  generation  and  endosulfan 
toxicity  in  Jurkat  T-cells.  Mol.  Cell.  Biochem.  247,  1-7. 

Lafuente,  A.,  Gonzalez-Carracedo,  A.,  Romero,  A.,  and  Esquifino,  A.  I.  (2003). 
Methoxychlor  modifies  the  ultradian  excretory  pattern  of  prolactin  and 
affects  its  TRH  response.  Med.  Sci.  Monit.  9,  P155-P160. 

Latchoumycandane,  C.,  and  Mathur,  P.  P.  (2002).  Effect  of  methoxychlor  on  the 
antioxidant  system  in  mitochondrial  and  microsome-rich  fractions  of  rat 
testis.  Toxicology  176,  67-75. 

Lowry,  O.  H.,  Rosebrough,  N.  J.,  Farr,  A.  L.,  and  Randall,  R.  J.  (1951).  Protein 
measurement  with  the  folin  phenol  reagent.  J.  Biol.  Chem.  193,  265-275. 

Mabuchi,  T.,  Kitagawa,  K.,  Kuwabara,  K.,  Takasawa,  K.,  Ohtsuki,  T.,  Xia,  Z., 
Storm,  D.,  Yanagihara,  T.,  Hori,  M.,  and  Matsumoto,  M.  (2001).  Phosphor¬ 
ylation  of  cAMP  response  element-binding  protein  in  hippocampal  neurons 
as  a  protective  response  after  exposure  to  glutamate  in  vitro  and  ischemia 
in  vivo.  J.  Neurosci.  21,  9204-9213. 

Meyer,  M.  J.,  Mosely,  D.  E.,  Amarnath,  V.,  and  Picklo,  M.  J.  (2004). 
Metabolism  of  4-hydroxy-trans-2-nonenal  by  central  nervous  system 
mitochondria  is  dependent  on  age  and  NAD+  availability.  Chem.  Res. 
Toxicol.  17,  1272-1279. 

Miller,  K.  P,  Gupta,  R.  K.,  Greenfeld,  C.  R.,  Babus,  J.  K.,  and  Flaws,  J.  A.  (2005). 
Methoxychlor  directly  affects  ovarian  antral  follicle  growth  and  atresia 
through  Bcl-2-  and  Bax-mediated  pathways.  Toxicol.  Sci.  Epub  Aug.  4,  2005. 

Mutisya,  E.  M.,  Bowling,  A.  C.,  and  Beal,  M.  F.  (1994).  Cortical  cytochrome 
oxidase  activity  is  reduced  in  Alzheimer’s  disease.  J.  Neurochem.  63, 
2179-2184. 


Okubo,  T.,  Yokoyama,  Y.,  Kano,  K.,  Soya,  Y.,  and  Kano,  I.  (2004).  Estimation 
of  estrogenic  and  antiestrogenic  activities  of  selected  pesticides  by 
MCF-7  cell  proliferation  assay.  Arch.  Environ.  Contam.  Toxicol.  46, 
445-453. 

Rudel,  R.  A.,  Camann,  D.  E.,  Spengler,  J.  D.,  Korn,  L.  R.,  and  Brody,  J.  G. 
(2003).  Phthalates,  alkylphenols,  pesticides,  polybrominated  diphenyl  ethers, 
and  other  endocrine-disrupting  compounds  in  indoor  air  and  dust.  Environ. 
Sci.  Technol.  37,  4543-4553. 

Ryu,  H.,  Lee,  J.,  Simon,  D.  K.,  Aminova,  A.,  Andreyev,  A.,  Murphy,  A.,  Ginty, 
D.,  Ferrante,  R.  J.,  and  Ratan,  R.  R.  (2003).  Mitochondrial  CREB  regulates 
mitochondrial  gene  expression  and  neuronal  survival.  Soc.  Neurosci.  207.3 
(abstract). 

Sahoo,  A.,  and  Chainy,  G.  B.  (1998).  Acute  hexachlorocyclohexane- 
induced  oxidative  stress  in  rat  cerebral  hemisphere.  Neurochem.  Res.  23, 
1079-1084. 

Schuh,  R.  A.,  Kristian,  T.,  and  Fiskum,  G.  (2005).  Calcium-dependent 
dephosphorylation  of  brain  mitochondrial  calcium/cAMP  response  element 
binding  protein  (CREB).  J.  Neurochem.  92,  388-394. 

Schuh,  R.  A.,  Lein,  P.  J.,  Beckles,  R.  A.,  and  Jett,  D.  A.  (2002).  Non¬ 
cholinesterase  mechanisms  of  chlorpyrifos  neurotoxicity:  Altered  phosphor¬ 
ylation  of  Ca2+/cAMP  response  element  binding  protein  in  cultured  neurons. 
Toxicol.  Appl.  Pharmacol.  182,  176-185. 

Shekhar,  P.  V.,  Werdell,  J.,  and  Basrur,  V.  S.  (1997).  Environmental  estrogen 
stimulation  of  growth  and  estrogen  receptor  function  in  preneoplastic  and 
cancerous  human  breast  cell  lines.  J.  Natl.  Cancer  Inst.  89,  1774—1782. 

Sims,  N.  R.  (1990).  Rapid  isolation  of  metabolically  active  mitochondria  from 
rat  brain  and  subregions  using  percoll  density  gradient  centrifugation. 
J.  Neurochem.  55,  698-707. 

Starkov,  A.  A.,  and  Fiskum,  G.  (2003).  Regulation  of  brain  mitochondrial  H2O2 
production  by  membrane  potential  and  NAD(P)H  redox  state.  J.  Neurochem. 
86,  1101-1107. 

Starkov,  A.  A.,  Fiskum,  G.,  Chinopoulos,  C.,  Lorenzo,  B.  J.,  Browne,  S.  E., 
Patel,  M.  S.,  and  Beal,  M.  F.  (2004).  Mitochondrial  a-ketoglutarate 
dehydrogenase  complex  generates  reactive  oxygen  species.  J.  Neurosci. 
24,  7779-7788. 

Tanaka,  K.  (2001)  Alteration  of  second  messengers  during  acute  cerebral 
ischemia — Adenylate  cyclase,  cyclic  AMP-dependent  protein  kinase,  and 
cyclic  AMP  response  element  binding  protein.  Prog.  Neurobiol.  65, 
173-207. 

Tawara,  T.,  Fukushima,  T.,  Hojo,  N.,  Isobe,  A.,  Shiwaku,  K.,  Setogawa,  T., 
and  Yamane,  Y.  (1996).  Effects  of  paraquat  on  mitochondrial  electron 
transport  system  and  catecholamine  contents  in  rat  brain.  Arch.  Toxicol.  70, 
585-589. 

Zhang,  Z.,  and  Teng,  C.  T.  (2002).  Methoxychlor  stimulates  the  mouse 
lactoferrin  gene  promoter  through  a  GC-rich  element.  Biochem.  Cell.  Biol. 
80,  23-26. 


Journal  of  Neuroscience  Research  79:240—247  (2005) 


Pyruvate  Dehydrogenase  Complex: 
Metabolic  Link  to  Ischemic  Brain  Injury  and 
Target  of  Oxidative  Stress 


Erica  Martin,1'-  Robert  E.  Rosenthal,1’3  and  Gary  Fiskum1'  * 

'Department  of  Anesthesiology,  University  of  Maryland  School  of  Medicine,  Baltimore,  Maryland 

2Program  in  Neuroscience,  University  of  Maryland  School  of  Medicine,  Baltimore,  Maryland 

3Department  of  Surgery  Program  in  Trauma,  University  of  Maryland  School  of  Medicine,  Baltimore,  Maryland 


The  mammalian  pyruvate  dehydrogenase  complex 
(PDHC)  is  a  mitochondrial  matrix  enzyme  complex 
(greater  than  7  million  Daltons)  that  catalyzes  the  oxida¬ 
tive  decarboxylation  of  pyruvate  to  form  acetyl  CoA, 
nicotinamide  adenine  dinucleotide  (the  reduced  form, 
NADH),  and  C02.  This  reaction  constitutes  the  bridge 
between  anaerobic  and  aerobic  cerebral  energy  metab¬ 
olism.  PDHC  enzyme  activity  and  immunoreactivity  are 
lost  in  selectively  vulnerable  neurons  after  cerebral  isch¬ 
emia  and  reperfusion.  Evidence  from  experiments  car¬ 
ried  out  in  vitro  suggests  that  reperfusion-dependent  loss 
of  activity  is  caused  by  oxidative  protein  modifications. 
Impaired  enzyme  activity  may  explain  the  reduced  cere¬ 
bral  glucose  and  oxygen  consumption  that  occurs  after 
cerebral  ischemia.  This  hypothesis  is  supported  by  the 
hyperoxidation  of  mitochondrial  electron  transport  chain 
components  and  NAD(H)  that  occurs  during  reperfusion, 
indicating  that  NADH  production,  rather  than  utilization, 
is  rate  limiting.  Additional  support  comes  from  the  find¬ 
ings  that  immediate  postischemic  administration  of 
acetyl-L-carnitine  both  reduces  brain  lactate/pyruvate  ra¬ 
tios  and  improves  neurologic  outcome  after  cardiac  ar¬ 
rest  in  animals.  As  acetyl-L-carnitine  is  converted  to 
acetyl  CoA,  the  product  of  the  PDHC  reaction,  it  follows 
that  impaired  production  of  NADH  is  due  to  reduced 
activity  of  either  PDHC  or  one  or  more  steps  in  glycolysis. 
Impaired  cerebral  energy  metabolism  and  PDHC  activity 
are  associated  also  with  neurodegenerative  disorders 
including  Alzheimer’s  disease  and  Wernicke-Korsakoff 
syndrome,  suggesting  that  this  enzyme  is  an  important 
link  in  the  pathophysiology  of  both  acute  brain  injury  and 
chronic  neurodegeneration.  ©  2004  Wiley-Liss,  Inc. 


decarboxylation  of  pyruvate  to  form  acetyl  CoA  (Fig.  1) 
(Reed,  1981,  2001).  The  PDHC  is  a  multisubunit  com¬ 
plex  composed  of  three  major  subunits:  El,  E2,  and  E3 
(Fig.  1).  The  El  subunit  (pyruvate  dehydrogenase)  is  a 
tetramer  that  contains  two  a  and  two  (3  subunits  with 
molecular  weights  of  41  and  36  kDa,  respectively.  The 
entire  PDHC  contains  approximately  30  copies  of  El  and 
60  copies  of  the  74-kDa  E2  (dihydrolipoyl  transacetylase) 
subunit.  The  55-kDa  E3  (dihydrolipoyl  dehydrogenase) 
subunit  is  also  found  in  a-ketoglutarate  dehydrogenase 
(a-KGDH)  (Patel  and  Harris,  1995).  This  shared  homol¬ 
ogy  makes  many  of  the  pathologies  observed  in  PDHC 
also  relevant  to  a-KGDH.  Six  copies  of  E3  are  found 
within  the  PDHC.  The  enzyme  complex  also  requires  a 
variety  of  substrates  and  cofactors.  Pyruvate,  nicotinamide 
adenine  dinucleotide  (NAD+),  thiamine  pyrophosphate 
(TPP),  and  coenzyme  A  (CoA)  are  ah  required  for  PDHC 
activity,  as  are  flavin  adenine  dinucleotide  (FAD)  and 
lipoic  acid  (Reed,  2001).  Activity  of  this  complex  enzyme 
is  regulated  by  a  host  of  factors,  including  phosphorylation 
state,  Ca2  concentration  ([Ca2  ]),  [Mg-  ]  (Huang  et  al., 
1998),  and  [ATP/ADP]  ratio  (Fig.  2).  PDHC  is  phosphor- 
ylated  and  therefore  inactivated  by  PDH  kinase,  whereas 
PDH  phosphatase  activates  the  enzyme  complex.  Four 
isozymes  of  mammalian  PDH  kinase  have  been  identified 
(PDK1— 4).  Although  these  isozymes  differ  in  tissue- 
specific  expression  (Bowker-Kinley  et  al.,  1998),  they  are 
all  activated  by  elevated  [acetyl-CoA/ CoA]  and  [NADH/ 
NAD+]  ratios  (Bowker-Kinley,  et  al.,  1998;  Baker  et  al., 
2000;  Sugden  and  Holness,  2003)  and  inhibited  by  ele¬ 
vated  ADP  levels  (Roche  et  al.,  2003)  and  the  drug 
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PYRUVATE  DEHYDROGENASE  ENZYME 
COMPLEX 

The  pyruvate  dehydrogenase  complex  (PDHC),  lo¬ 
cated  in  the  mitochondrial  matrix,  plays  a  major  role  in 
aerobic  energy  metabolism.  This  enzyme  serves  as  the 
critical  link  between  glycolysis  (anaerobic  metabolism)  and 
the  tricarboxylic  acid  cycle  by  catalyzing  the  oxidative 
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Fig.  1.  Partial  reactions  of  the  PDHC.  The  PDHC  catalyzes  the 
oxidative  decarboxylation  of  pyruvate  to  form  acetyl  CoA.  The  enzyme 
complex  is  composed  of  three  major  subunits:  pyruvate  dehydrogenase 
(El),  dihydrolipoyl  transacetylase  (E2),  and  dihydrolipoyl  dehydroge¬ 
nase  (E3).  In  addition  to  pyruvate  and  coenzyme  A  (CoASH),  PDHC 
also  requires  a  host  of  cofactors,  including  thiamine  pyrophosphate 
(TPP),  nicotinamide  adenine  dinucleotide  (NAD+),  flavin  adenine 
dinucleotide  (FAD),  and  lipoic  acid  (LIP). 


dichloroacetate  (Whitehouse  et  al.,  1974;  Baker  et  al., 
2000;  Wilson  et  al.,  2003).  Some  PDH  phosphatase  iso¬ 
forms  are  stimulated  by  Ca2+  (Huang  et  al.,  1998;  Kar¬ 
pova  et  al.,  2003;  Roche  et.  al.,  2003).  The  complexity  of 
the  multitude  of  subunits,  strict  cofactor  requirements,  and 
stringent  regulation  of  the  PDHC  make  it  a  possible  target 
for  damage  and  subsequent  inactivation  during  pathologic 
conditions  including  ischemia  and  neurodegenerative  dis¬ 
orders. 

EFFECTS  OF  ISCHEMIA/REPERFUSION  ON 
CEREBRAL  ENERGY  METABOLISM  AND 
PDHC  ACTIVITY 

Measurements  of  cerebral  glucose  metabolism  and 
oxygen  utilization  after  global  ischemia/reperfusion  indi¬ 
cate  that  cerebral  energy  metabolism  is  impaired  markedly 
during  postischemic  recirculation  (Pulsinelli  et  al.,  1982). 
A  significant  decrease  in  glucose  oxidation  develops 
within  the  first  hour  of  reperfusion  and  remains  for  many 
hours  thereafter  (Sims,  1995).  Oxidative  glucose  metabo¬ 
lism  is  also  reduced  after  focal  cerebral  ischemia  in  a 
time-dependent  manner  (Pascual  et  al.,  1998).  Although 
aerobic  glucose  metabolism  is  impaired,  the  oxidative  me¬ 
tabolism  of  other  fuels,  e.g.,  glutamate,  y-aminobutyric 
acid  (GABA),  and  glutamine,  can  accelerate  after  focal 
ischemia  (Pascual  et  al.,  1998). 

One  possible  explanation  for  reduced  cerebral  glu¬ 
cose  metabolism  after  ischemia  is  decreased  PDHC  activ¬ 
ity  (Fukuchi  et  al.,  1998;  Schoder  et  al.,  1998).  In  the  rat 
dorsolateral  striatum  after  short-term  forebrain  ischemia, 
PDHC  activity  is  reduced,  particularly  in  selectively  vul¬ 
nerable  neurons  (Zaidan  and  Sims,  1997).  Reduced 


ATP/ADP 
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Fig.  2.  Regulation  of  PDHC  by  phosphatase  and  kinase  activities. 
PDHC  is  inactivated  when  phosphorylated  by  PDH  kinase  (PDK). 
PDK  is  activated  by  elevated  NADH/NAD+  and  acetyl  CoA/CoA 
ratios  and  is  inactivated  by  pyruvate,  dichloroacetate  (DCA),  Ca2+,  and 
elevated  ATP/ADP  ratios.  PDHC  is  activated  when  dephosphorylated 
by  PDH  phosphatase  (PDP).  Although  less  characterized  than  PDK, 
PDP  is  stimulated  by  both  Mg2+  and  Ca2+.  Four  isozymes  of  PDH 
kinase  (PDK1— 4)  and  two  isozymes  of  PDH  phosphatase  (PDPlc  and 
PDP2c)  have  been  identified.  These  isozymes  differ  in  tissue  specificity, 
as  well  as  relative  sensitivity  to  the  effectors  depicted  in  the  figure. 


Control  CA  30  min  Re  2  hr  Re  24  hr  Re 


Fig.  3.  Effects  of  cardiac  arrest  and  resuscitation  on  canine  frontal 
cortex  PDHC  enzyme  activity.  PDHC  activity  remains  unchanged 
after  10  min  of  cardiac  arrest  (CA)  alone.  Activity  is  decreased  signif¬ 
icantly,  however,  as  early  as  30  min  of  reperfusion  (Re)  and  remains 
depressed  through  24  hr.  PDHC  activity  was  measured  using  a  radio¬ 
isotopic  assay  that  monitors  C02  production  from  [1-  4C]  pyruvate. 
PDHC  activity  is  reported  in  nmol/min/mg  total  brain  protein.  Re¬ 
printed  from  Free  Radical  Biology  and  Medicine,  Vol  16,  Bogaert  et 
al.,  Postischemic  inhibition  of  cerebral  cortex  pyruvate  dehydrogenase, 
p  811—820,  ®1994  with  permission  from  Elsevier. 
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Fig.  4.  Effects  of  cardiac  arrest  and  resus¬ 
citation  on  canine  frontal  cortex  PDHC 
immunoreactivity.  Canine  frontal  cortex 
neuronal  PDHC  immunoreactivity  re¬ 
mains  unchanged  after  10-min  cardiac  ar¬ 
rest  (A,  B) .  Confocal  fluorescent  imaging, 
using  a  polyclonal  antibody  to  the  entire 
PDHC  complex,  reveals  diminished  im¬ 
munoreactivity  after  2-hr  reperfusion  (C), 
which  remains  low  at  24  hr  reperfusion 
(D).  Reprinted  from  Experimental  Neu¬ 
rology,  Vol  161,  Bogaert  et  al.,  Neuronal 
subclass-selective  loss  of  pyruvate  dehy¬ 
drogenase  immunoreactivity  following  ca¬ 
nine  cardiac  arrest  and  resuscitation,  p  1 15— 
126,  ©2000  with  permission  from  Elsevier. 


PDHC  activity  is  observed  in  other  locations,  such  as  the 
frontal  cortex,  and  is  evident  with  reperfusion  times  as 
short  as  30  min  and  as  long  as  24  hr  (Zaidan  and  Sims, 
1993;  Bogaert  et  al.,  1994).  This  decrease  in  enzyme 
activity  is  reperfusion  dependent,  as  no  change  in  activity 
is  detected  after  ischemia  alone  (Fig.  3).  It  is  unlikely  that 
these  changes  are  attributed  to  changes  in  cofactor  levels, 
as  the  activity  assays  were  carried  out  with  saturating  levels 
of  required  substrates  and  cofactors.  PDHC  immunoreac¬ 
tivity  is  also  lost  after  ischemia/reperfusion.  After  a  10-min 
canine  cardiac  arrest  with  either  2  or  24  hr  of  reperfusion, 
both  Western  immunoblot  and  immunohistochemical 
analysis  indicate  a  significant  decrease  in  PDHC  immuno¬ 
reactivity  (Fig.  4)  (Bogaert  et  al.,  2000).  It  is  unlikely  that 
the  decline  in  PDHC  activity  or  immunoreactivity  is  due 
to  changes  in  the  phosphorylation  of  the  complex,  as  the 
phosphorylation  state  of  PDHC  does  not  change  appre¬ 
ciably,  at  least  in  some  models  of  ischemia/reperfusion 
(Zaidan  and  Sims,  1993).  The  decreased  PDHC  immu¬ 
noreactivity,  however,  could  be  due  to  effects  of 
ischemia/ reperfusion-mediated  damage  to  one  or  more  of 
the  PDHC  required  substrates  or  cofactors.  A  more  likely 
explanation  is  site-specific  protein  oxidation,  which  may 
cause  the  decreased  PDHC  immunoreactivity  by  marking 
the  affected  regions  for  proteolytic  degradation  after  an 
ischemia/reperfusion  event  (Stadtman,  1990). 

At  this  juncture,  direct  evidence  for  a  reduction  in 
PDHC  activity  being  responsible  for  impaired  postisch- 


emic  cerebral  energy  metabolism  is  lacking;  however, 
several  observations  support  this  hypothesis.  One  such 
finding  is  that  immediate  intravenous  administration  of 
acetyl- L-carnitine  (ALCAR;  100  mg/kg)  reduces  brain 
lactate  levels  and  improves  neurologic  outcome  after  car¬ 
diac  arrest  (Table  I)  (Rosenthal  et  al.,  1992).  These  effects 
are  not  observed  with  administration  of  equimolar  equiv¬ 
alent  levels  of  acetate  and  free  carnitine,  indicating  that 
ALCAR  possesses  unique  neuroprotective  characteristics. 
Medium-  and  long-chain  acylcamitines  are  not  well  me¬ 
tabolized  in  the  adult  brain  due  to  relatively  very  low 
acylcarnitine-CoA  transferase  activities.  Acetylcarnitine- 
CoA  transferase  is  present,  however,  allowing  for  possible 
entry  of  ALCAR  acetyl  units  into  the  tricarboxylic  acid 
(TCA)  cycle  of  astrocytes  or  neurons  (Bresolin  et  al., 
1982).  By  providing  a  source  of  fuel  alternative  to  pyru¬ 
vate,  ALCAR  may  stimulate  aerobic  energy  metabolism, 
thereby  reducing  the  rate  of  glycolytic  lactate  production 
and  the  tissue  acidosis  that  accompanies  anaerobic  metab¬ 
olism  (Fig.  5).  ALCAR  also  acts  at  least  indirectly  as  an 
antioxidant,  reducing  protein  carbonyl  formation  during 
reperfusion  (Liu  et  al.,  1993),  and  cerebrospinal  fluid  pro¬ 
tein  nitration  in  multiple  sclerosis  patients  (Calabrese  et  al., 
2003).  This  protection  against  oxidative  stress  may  explain 
its  ability  to  protect  against  the  loss  of  PDHC  activity  in 
the  cardiac  arrest  model  (Bogaert  et  al.,  1994),  which  in 
turn  may  help  explain  its  ability  to  lower  tissue  lactate 
levels.  ALCAR  can  also  ameliorate  some  metabolic  ab- 
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TABLE  I.  Effects  of  Acetyl-L-Carnitine  and  Acetate  Plus  Carnitine  on  2-hr  Neurochemical 
Outcome  and  24-hr  Neurologic  Outcome  After  10-min  Canine  Cardiac  Arrest 


Vehicle3 

Acetyl-L-carnitine3 

Acetate  +  carnitineb 

Lactate  (|Jimol/g  wet  wt) 

4.3  ±  0.2 

2.0  ±  0.4* 

5.7  ±  2.2 

Pyruvate  (nmol/g  wet  wt) 

160  ±  41 

197  ±  24 

139.2  ±  51 

Lactate/ pyruvate 

34.3  ±  6.9 

9.5  ±  1.1** 

51.3  ±  22 

Neurodeficit  score0 

48.4  ±  5.4 

22.3  ±  5.2*** 

41.0  ±  3.1 

aValues  for  vehicle-  and  acetyl-L-carnitine-treated  animals  reprinted  with  permission  from  Rosenthal  et  al.  1992. 
Prevention  of  postischemic  canine  neurological  injury  through  potentiation  of  brain  energy  metabolism  by 
acetyl-L-camitine.  Stroke  23:1312—1318. 

bAnimals  treated  with  acetate  plus  carnitine  at  levels  equimolar  to  that  of  acetyl-L-carnitine  administered  at 
100  mg/kg  intravenously  immediately  after  resuscitation,  then  at  50  mg/kg  every  6  hr.  Samples  were  obtained  from 
canine  frontal  cortex,  immediately  placed  into  liquid  nitrogen,  and  stored  at  —  80°C  until  analyzed  for  lactate  and 
pyruvate.  Values  represent  means  ±  standard  error  for  n  =  5—7  animals  per  group. 
cNeurodefecit  score  evaluated  on  a  scale  from  0  (normal)  to  100  (braindead). 

*P  <  0.01  compared  to  vehicle  group. 

** P  <  0.05  compared  to  vehicle  group. 

★★★p  <  0.002  compared  to  vehicle  group. 


Glucose 


Fig.  5.  PDHC  serves  as  the  bridge  between  anaerobic  and  aerobic 
metabolism.  The  PDHC  is  a  target  of  oxidative  stress  and  is  inhibited 
after  cerebral  ischemia.  Such  inhibition  may  be  responsible  for  chron¬ 
ically  elevated  brain  lactate  levels  after  ischemic  episodes  as  PDHC 
constitutes  the  bridge  between  aerobic  and  anaerobic  cerebral  energy 
metabolism.  Acetyl-L-carnitine  (ALCAR)  may  serve  as  an  exogenous, 
alternative  source  of  acetyl  CoA,  thereby  reducing  tissue  acidosis  and 
improving  neurologic  outcome. 


normalities  induced  by  chronic  excessive  alcohol  con¬ 
sumption,  which  is  also  associated  with  impaired  brain 
PDHC  activity  (Calabrese  et  al.,  2002). 

Another  observation  implicating  the  role  of  PDHC 
in  brain  injury  resulting  from  ischemia/reperfusion  is  the 
hyperoxidation  of  NAD(H)  and  components  of  the  mi¬ 
tochondrial  electron  transport  chain  during  reperfusion 
(Rosenthal  et  al.,  1995).  If  damage  to  the  electron  trans¬ 
port  chain  was  the  major  factor  in  ischemia/reperfusion 
injury,  the  redox  state  of  NAD  (H)  would  undergo  a  shift 
toward  a  more  reduced  state.  The  limiting  factor  in  reper¬ 
fusion  injury  therefore  seems  to  be  proximal  to  the  elec¬ 
tron  transport  chain.  The  rate-limiting  site  could  include 
various  TCA  cycle  enzymes,  e.g.,  a-KGDH.  According 
to  the  direct  metabolic  hypothesis  for  neuroprotection  by 
ALCAR,  however,  inhibition  of  metabolism  at  points 


distal  to  acetyl  CoA  would  not  be  alleviated  by  ALCAR 
administration.  Experiments  are  in  progress  using  13C 
nuclear  magnetic  resonance  (NMR)  spectroscopy  to  study 
the  metabolism  of  ALCAR,  and  the  effects  it  has  on 
glucose  metabolism  to  help,  determine  the  significance  of 
altered  PDHC  activity  in  ischemic  brain  injury. 

ROLE  OF  PYRUVATE  DEHYDROGENASE 
COMPLEX  IN  THE  PATHOPHYSIOLOGY  OF 

NEURODEGENERATIVE  DISORDERS 

In  addition  to  ischemic  brain  injury,  PDHC  is  af¬ 
fected  also  in  other  neurologic  disorders.  Wernicke- 
Korsakoff  Syndrome  (WKS)  is  a  disease  characterized  by  a 
triad  of  mental  confusion,  ataxia,  and  ophthalmoplegia. 
This  disorder  is  commonly  associated  with  chronic  alco¬ 
holism,  although  other  nutritional  deficits  resulting  in  low 
dietary  thiamine  can  also  cause  onset  of  disease  symptoms. 
The  main  etiologic  factor  is  known  to  be  lack  of  thiamine, 
but  the  biochemical  mechanisms  involved  remain  unclear. 
Thiamine-dependent  enzymes  such  as  PDHC  and 
aKGDH  are  thought  to  play  a  role  in  the  pathogenesis  of 
WKS.  Decreased  PDHC  and  aKGDH  enzyme  activities 
are  found  in  alcoholics  diagnosed  with  WKS,  whereas 
alcoholic  patients  without  WKS  display  normal  levels  of 
thiamine-dependent  enzyme  activities  (Butterworth  et  al., 
1993).  Although  decreased  aKGDH  activity  has  also  been 
shown  in  an  animal  model  of  thiamine  deficiency,  the 
effects  of  thiamine  depletion  on  PDHC  activity  in  vitro 
remain  controversial  (Parker  et  al.,  1984;  Butterworth  and 
Heroux,  1989;  Munujos  et  al.,  1996).  PDHC  activity  is 
also  affected  in  Alzheimer’s  disease  (AD)  (Sheu  et  al., 
1985).  Brain  lipid  peroxidation  and  decreased  brain  glu¬ 
cose  utilization  are  characteristic  of  this  neurodegenerative 
disease.  Acrolein,  a  byproduct  of  lipid  peroxidation  that 
accumulates  within  the  brain  during  AD,  decreases  PDHC 
activity.  Specifically,  acrolein  binds  lipoic  acid,  a  compo¬ 
nent  of  both  PDHC  and  aKGDH  (Pocernich  and  But¬ 
terfield,  2003).  Inactivation  of  PDHC  by  acrolein  or  other 
mechanisms  may  be  at  least  partially  responsible  for  mito- 
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chondrial  dysfunction  and  impaired  cerebral  energy  me¬ 
tabolism  associated  with  AD. 

MOLECULAR  MECHANISMS  OF  ENZYME 
INACTIVATION 

The  PDHC  inactivation  that  occurs  during  acute 
brain  injuries  and  in  neurodegenerative  disorders  could  be 
due  to  any  one  or  a  combination  of  several  mechanisms.  In 
addition  to  depletion  of  the  enzyme  cofactors  TPP  and 
lipoic  acid,  the  protein  subunits  may  also  be  direct  targets 
of  oxidative  stress.  Purified  porcine  heart  PDHC  is  highly 
sensitive  to  inactivation  when  exposed  to  a  hydroxyl  rad¬ 
ical  (OH*)  generating  system  composed  of  H202  and  Fe2+ 
(Bogaert  et  al.,  1994).  PDHC  activity  is  not  lost  in  the 
presence  of  H202  alone,  as  activity  is  retained  in  the 
presence  of  the  iron  chelator  diethylenetriaminepentacetic 
acid  (DTPA;  2  mM)  (Fig.  6).  Recent  findings  in  our 
laboratory  suggest  that  PDHC  is  also  targeted  by  per- 
oxynitrite  (ONOO  ).  Peroxynitrite  is  formed  when  su¬ 
peroxide  reacts  with  NO  (Beckman  et  al.,  1990;  Goldstein 
and  Czapski,  1995;  Beckman,  1996;  Murphy  et  al.,  1998). 
Both  substrates  are  generated  by  3-morphol- 
inosydnonomine  (SIN-1)  (Feelisch  et  al.,  1989),  which 
when  incubated  with  purified  PDHC  results  in  a  loss  of 
enzyme  activity  that  is  partially  inhibited  by  the  presence 
of  superoxide  dismutase  (Fig.  6).  Further  experiments  are 
planned  to  determine  the  relative  contribution  of 
ONOO  ,  compared  to  NO  or  02  ",  to  the  impairment 
of  enzyme  activity  observed  in  this  system. 

In  addition  to  the  aforementioned  in  vitro  effects  of 
free  radicals  on  PDHC  activity,  decreased  activity  of  other 
mitochondrial  proteins  has  also  been  identified  in  vivo. 
Hypoxia— reoxygenation  paradigms  decrease  aconitase  and 
succinate  dehydrogenase  activities,  a  finding  attributed  to 
excess  02  "  production  (Powell  and  Jackson,  2003).  Ad¬ 
ditionally,  aKGDH  and  aconitase  activities  are  decreased 
during  reperfusion  of  ischemic  myocardial  tissue  (Sadek  et 
al.,  2002).  As  evidence  indicates  that  production  of  super¬ 
oxide,  hydroxyl  radical,  nitric  oxide,  and  peroxynitrite  are 
elevated  during  reperfusion  (Metodiewa  and  Koska, 
2000),  these  results  support  the  hypothesis  that  oxidative 
stress  is  responsible  for  reperfusion-dependent  loss  of  brain 
PDHC  activity. 

Further  support  for  oxidative  stress  as  a  mechanism 
responsible  for  PDHC  damage  during  ischemia  reperfu¬ 
sion  comes  from  comparison  of  protein  immunoreactivity 
between  cardiac  arrest  animal  groups  resuscitated  with 
relatively  high  and  low  concentrations  of  ventilatory  02. 
Hippocampal  PDHC  Ela  subunit  immunostaining  is  re¬ 
duced  by  up  to  90%  within  2  hr  of  reperfusion  in  dogs 
resuscitated  on  100%  02  compared  to  that  in  nonischemic 
animals,  whereas  no  significant  reduction  in  hippocampal 
Ela  immunoreactivity  is  observed  in  animals  resuscitated 
with  21%  02  (room  air).  Double  labeling  with  neuron- 
specific  nuclear  protein  antibody  (NeuN)  indicates  the 
PDHC  loss  is  partially  neuronal,  but  astrocytic  involve¬ 
ment  remains  undetermined.  Moreover,  hippocampal  ni- 
trotyrosine  immunoreactivity  is  greater  in  the  hyperoxic 
resuscitation  group  (Vereczki  et  al.,  2003).  These  results, 
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Fig.  6.  Inhibition  of  PDHC  activity  by  hydroxyl  radical  and  peroxyni¬ 
trite.  Results  obtained  with  exposure  of  purified  porcine  heart  mito¬ 
chondria  for  10  min  at  37°C  to  a  Fenton  reagent  consisting  of  0.25  mM 
FeS04  plus  0.5  mM  H202  in  the  absence  and  presence  of  2.5  mM 
diethylenetriaminepentacetic  acid  (DTPA).  Reprinted  from  Free  Rad¬ 
ical  Biology  and  Medicine,  Vol  16,  Bogaert  et  al.,  Postischemic  inhi¬ 
bition  of  cerebral  cortex  pyruvate  dehydrogenase,  p  811—820,  ©1994 
with  permission  from  Elsevier.  Additional  results  were  obtained  under 
similar  conditions  but  using  0.6  mM  of  the  peroxynitrite  generator 
3-morpholinosydnonomine  (SIN-1)  in  the  absence  and  presence  of 
superoxide  dismutase  (SOD;  20  U/ml).  Enzyme  activity  after  the 
preincubations  was  measured  either  radioisotopically  by  determining 
the  14C02  production  from  [1-  4C]  pyruvate  (Fenton  reagent;  Bogaert 
et  al.,  1994),  or  spectrophotometrically  by  measuring  NADH  produc¬ 
tion  at  340  nm  (SIN-1).  Dithiothreitol  (9  mM)  was  present  during  all 
preincubations  to  eliminate  possible  inactivation  due  to  thiol  oxidations 
or  S-nitrosylation.  Experimental  conditions  for  experiments  involving 
SIN-1  were  modified  from  Hinman  and  Blass  (1981)  and  consisted  of 
50  mM  potassium  phosphate  buffer  (37°C),  2.06  U/ml  PDHC,  5  mM 
pyruvate,  0.3  mM  thiamine  pyrophosphate  (TPP),  1  mM  magnesium 
chloride,  0.01  mM  calcium  chloride,  and  1  mM  NAD4/  The  reaction 
was  initiated  by  the  addition  of  0.12  mM  coenzyme  A  whereas  the 
reactions  after  exposure  to  the  Fenton  reagent  were  initiated  with  the 
addition  of  2  mM  pyruvate. 


taken  together  with  our  previous  findings  that  hyperoxic 
resuscitation  causes  increased  brain  lipid  peroxidation  and 
worse  neurologic  outcome  (Liu  et  al.,  1998),  suggest  that 
PDHC  is  one  important  target  of  oxidative  stress  and  that 
its  inactivation  may  contribute  to  neuronal  injury  and 
neurologic  impairment. 

POTENTIAL  THERAPEUTIC 
INTERVENTIONS 

Based  on  the  hypothesis  that  impairment  of  PDHC 
activity  contributes  to  the  pathophysiology  of  ischemic 
brain  injury,  interventions  that  either  protect  against 
PDHC  inactivation  or  compensate  for  the  metabolic  dis¬ 
ruption  should  be  neuroprotective.  Dichloroacetate 
(DCA)  is  a  pharmacologic  agent  that  stimulates  maximal 
PDHC  activity  by  inhibiting  PDH  kinase.  It  is  used  as  a 
treatment  for  patients  with  PDHC  deficiency,  a  condition 
that  presents  clinical  symptoms  during  the  first  months  of 
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life.  PDHC  activity  is  increased  in  PDHC-deficient  pa¬ 
tients  treated  with  5  rnM  DC  A  (Fouque  et  al.,  2003). 
DCA  administration  has  also  been  demonstrated  to  de¬ 
crease  brain  lactate  and  to  improve  outcome  in  small  and 
large  animal  models  of  both  global  and  focal  cerebral 
ischemia  (Biros  et  al.,  1986;  Cardell  et  al.,  1989;  Katayama 
and  Welsh,  1989;  Chang  et  al.,  1992;  Corbett  et  al.,  1998; 
Chandy  and  Ravindra,  2000).  Moreover,  one  clinical 
study  using  proton  magnetic  resonance  spectroscopy  in¬ 
dicates  that  administration  of  DCA  within  the  first  2  days 
of  ischemic  stroke  lowers  brain  lactate  (Graham  et  al., 
2000).  Administration  oflipoic  acid  is  also  neuroprotective 
and  although  its  mechanisms  of  action  are  ascribed  to 
either  direct  antioxidant  activity  or  regulation  of  gene 
transcription,  promotion  of  PDF1C  activity  has  not  been 
addressed  (Wolz  and  Krieglstein,  1996;  Packer,  1998; 
Clark  et  al.,  2001;  Garcia-Estrada  et  al.,  2003).  Thiamine 
replacement  therapy  is  used  for  patients  with  thiamine 
deficiency  but  has  not  been  tested  for  neuroprotection 
after  acute  brain  injury. 

As  mentioned  earlier,  immediate  postischemic  infu¬ 
sion  of  acetyl-L-carnitine  is  neuroprotective,  possibly  by 
providing  alternative  oxidative  fuel  in  the  presence  of 
reduced  conversion  of  pyruvate  to  acetyl  CoA.  Other 
researchers  have  demonstrated  neuroprotection  by  admin¬ 
istration  of  ketone  bodies,  e.g.,  (3-hydroxybutyrate,  in 
animal  models  of  ischemia,  trauma,  and  Parkinson’s  disease 
(Lundy  et  al.,  1984,  1987;  Marie  et  al.,  1987;  Sims  and 
Heward,  1994;  Kashiwaya  et  al.,  2000;  Ottani  et  al.,  2003; 
Tieu  et  al.,  2003;  Yosunkaya  et  al.,  2004).  Although  the 
mechanism  of  neuroprotection  by  ketone  bodies  is  not 
characterized,  they  similarly  bypass  the  PDHC  reaction 
and  provide  fuel  to  the  TCA  cycle. 

Although  interventions  that  compensate  for  a  loss  of 
PDHC  activity  may  prove  clinically  effective,  an  alterna¬ 
tive  approach  is  to  inhibit  those  mechanisms  responsible 
for  damage  to  the  enzyme  complex.  Based  on  the  hypoth¬ 
esis  that  oxidative  stress  is  the  primary  culprit,  antioxidants 
should  prove  useful.  Indeed,  many  preclinical  studies  with 
antioxidants  have  demonstrated  neuroprotection  (Chan, 
2001;  Floyd  and  Hensley,  2002);  however,  results  from 
the  few  clinical  trials  testing  antioxidants  are  disappointing 
(van  der  Worp  et  al.,  2002).  An  alternative  approach  to 
minimizing  oxidative  stress  during  postischemic  reperfu¬ 
sion  is  to  limit  the  delivery  of  oxygen  to  the  brain.  The 
few  reported  comparisons  of  neurologic  outcome  after 
hyperoxic  and  normoxic  reperfusion  strongly  suggest  that 
hyperoxic  resuscitation  is  detrimental.  Using  a  9-min  ca¬ 
nine  cardiac  arrest  (CA)  model,  Zwemer  et  al.  (1994) 
found  that  resuscitation  with  100%  inspired  O,  resulted  in 
worsened  12-  and  24-hr  neurologic  outcome  when  com¬ 
pared  to  that  in  animals  receiving  21%  02.  This  difference 
was  eliminated  when  animals  were  pretreated  with  an 
antioxidant  before  the  CA  and  hyperoxic  resuscitation.  In 
our  canine  experiments  using  10-min  CA,  neurologic 
impairment  measured  at  24  hr  was  significantly  worse  in 
animals  ventilated  on  100%  O,  during  and  for  1  hr  after 
resuscitation  than  that  exhibited  by  dogs  resuscitated  on 


21%  02  and  subsequently  ventilated  on  21-30%  02  to 
maintain  normal  Pa02  (Rosenthal  et  al.,  2003).  The  one 
negative  study  is  the  report  mentioned  earlier  where  no 
difference  in  neurologic  impairment  was  observed  72  hr 
after  asphyxia -induced  CA  in  rats  (Lipinski  et  al.,  1999). 
The  only  published  long-term  outcome  study  focused  on 
mortality  and  used  the  gerbil  bilateral  carotid  occlusion 
model.  Mickel  et  al.  (1987)  found  that  animals  exposed  to 
100%  02  for  3—6  hr  after  15-min  global  cerebral  ischemia 
experienced  a  threefold  increase  in  1 4-day  mortality  com¬ 
pared  to  those  allowed  to  breathe  room  air  after  ischemia. 
As  mentioned  earlier,  our  recent  results  comparing  hip¬ 
pocampal  PDHC  immunoreactivity  between  hyperoxic 
and  normoxic  resuscitated  animals  indicate  that  normoxic 
ventilation  preserves  this  PDHC  immunostaining  (Verec- 
zki  et  al.,  2003).  Studies  are  in  progress  to  determine  if 
normoxic  resuscitation  also  preserves  PDHC  enzyme  ac¬ 
tivity  and,  in  turn,  aerobic  cerebral  energy  metabolism. 

SUMMARY 

PDHC  plays  a  critical  role  in  cerebral  aerobic  energy 
metabolism.  Its  vast  size,  strict  cofactor  requirements,  and 
stringent  regulation  make  it  a  potential  target  of  injury 
during  times  of  neurologic  stress,  such  as  ischemia  or 
trauma.  Indirect  evidence  suggests  that  loss  of  PDHC 
enzyme  activity  after  cardiac  arrest  and  resuscitation  con¬ 
tributes  to  the  prolonged  elevation  of  brain  lactate  levels. 
More  direct  evidence  that  impaired  PDHC  activity  limits 
cerebral  energy  metabolism  during  reperfusion  awaits 
quantitative  analysis  of  metabolic  flux.  Although  evidence 
obtained  in  vitro  indicates  that  PDHC  is  sensitive  to 
inactivation  when  exposed  to  reactive  oxygen  and  nitro¬ 
gen  species,  further  work  is  necessary  to  conclude  that 
oxidative  alterations  are  responsible  for  its  inactivation  in 
vivo. 
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Abstract 

Mitochondrial  DNA  (mtDNA)  encodes  critical  subunit  proteins  of 
the  oxidative  phosphorylation  (OXPHOS)  complex  that  gener¬ 
ates  ATP.  This  study  tested  the  hypothesis  that  mitochondrial 
gene  expression  in  neural  cells  is  regulated  by  energy  demand, 
as  modified  via  stimulation  of  cellular  sodium  transport.  Expo¬ 
sure  of  PC12S  cells  to  the  sodium  ionophore  monensin 
(250  nM)  for  1-6  h  caused  a  13-60%  decrease  in  cellular  ATP 
(from  15  to  5  nmol  per  mg  protein  at  6  h).  Levels  of  mitoch¬ 
ondrial  DNA-encoded  mRNAs  (mt-mRNAs)  increased  signifi¬ 
cantly  (150%)  within  the  first  hour  of  exposure  to  monensin,  and 
then  decreased  significantly  (50%)  at  3-4  h.  Levels  of  mtDNA- 
encoded  12S  rRNA  and  nuclear  DNA-encoded  OXPHOS 
subunit  mRNAs  were  not  significantly  affected.  Exposure  of 
primary  cerebellar  neuronal  cultures  to  the  excitatory  amino 
acid  glutamate  caused  a  similar  rapid  and  significant  increase 


followed  by  a  significant  decrease  in  cell  mt-mRNA  levels.  The 
monensin-induced  initial  increase  in  mt-mRNA  levels  was 
abolished  by  pretreatment  with  actinomycin  D  or  by  reducing 
extracellular  sodium  ion  concentration.  The  monensin-induced 
delayed  reduction  in  mt-mRNA  levels  was  accelerated  in  the 
presence  of  actinomycin  D,  and  was  accompanied  by  a  67% 
reduction  in  the  half-life  (from  3.6  to  1 .2  h).  Exposure  of  PC12S 
cells  to  2-deoxy-D-glucose  significantly  decreased  cellular  ATP 
levels  (from  14.2  to  7.1  nmol  per  mg  protein  at  8  h),  and  in¬ 
creased  mt-mRNA  levels.  These  results  suggest  a  physiologi¬ 
cal  transcriptional  mechanism  of  regulation  of  mitochondrial 
gene  expression  by  energy  demand  and  a  post-transcriptional 
regulation  that  is  independent  of  energy  status  of  the  cell. 
Keywords:  mitochondrial  DNA,  monensin,  mRNA  half-life, 
post-transcription,  RNase-L,  transcription. 
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The  mammalian  brain  is  characterized  by  a  high  rate  of 
glucose  consumption,  high  content  of  carriers  and  enzymes 
for  glucose  transport  and  metabolism,  a  high  rate  of  oxidative 
phosphorylation  (OXPHOS)  in  mitochondria,  and  a  high 
ATP  consumption  (Erecinska  and  Silver  1989;  Wong-Riley 
1989).  Furthermore,  the  rates  of  glucose  utilization  and 
activities  of  the  OXPHOS  enzymes  that  generate  ATP 
correlate  with  neuronal  activity  (Hevner  et  al.  1995).  ATP 
is  the  energy  source  for  active  ion  pumping  to  maintain 
resting  membrane  potential,  fast  axoplasmic  transport, 
membrane  phospholipid  turnover,  synthesis  of  macromole¬ 
cules  and  neuro transmitters,  and  other  cellular  processes 
(Erecinska  and  Silver  1989;  Wong-Riley  1989;  Purdon  et  al. 
2002).  Active  ion  pumping  at  synapses  and  dendrites  by  far 
consumes  the  most  ATP  (Erecinska  and  Silver  1989). 

The  mitochondrial  respiratory  chain  responsible  for  gen¬ 
eration  of  cellular  ATP  consists  of  five  multisubunit 
OXPHOS  enzyme  complexes.  Four  of  these,  Complexes  I, 
III,  IV  and  V,  are  bipartite  and  consist  of  subunits  derived 
from  both  mitochondrial  DNA  (mtDNA)  and  nuclear  DNA 


(nDNA).  MtDNA  encodes  13  polypeptides,  all  of  which  are 
necessary  for  electron  transport  and  OXPHOS.  The  remain¬ 
ing  subunits  are  specified  by  the  nuclear  genome.  Both 
mtDNA  and  nDNA-encoded  subunits  are  required  to  fonn 
active  enzyme  complexes  (Attardi  and  Schatz  1988). 
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Changes  in  levels  of  mtDNA-encoded  mRNA  (mt-mRNA) 
occur  rapidly  in  response  to  changes  in  energy  requirement 
of  the  cell.  Decreased  neuronal  activity,  induced  by  afferent 
impulse  blockade,  decreases  neuronal  mt-mRNA  (Wong- 
Riley  et  al.  1997),  whereas  removal  of  the  afferent  impulse 
blockade  restores  basal  mRNA  levels  (Hevner  and  Wong- 
Riley  1993),  suggesting  feedback  regulation  of  mitochondrial 
gene  expression  by  energy  demand  (Wong-Riley  et  al. 
1997).  Consistent  with  this  reasoning,  an  in  organello 
method  demonstrated  that  high  intramitochondrial  ATP 
levels  suppress  transcription  of  mtDNA,  suggesting  how 
energy  demand  can  regulate  mtDNA  transcription  (Gaines 
and  Attardi  1984;  Enriquez  et  al.  1996;  DasGupta  et  al. 
2001).  Apart  from  transcriptional  control,  mitochondrial  gene 
expression  depends  on  differences  in  RNA  stability  (Gelfand 
and  Attardi  1981;  Attardi  et  al.  1990).  Although  mitochond¬ 
rial  gene  expression  is  a  major  component  in  the  regulation 
of  energy  metabolism  of  the  cell,  the  contributions  of 
transcriptional  and  post-transcriptional  mechanisms  to  this 
regulation  are  not  known  (Kagawa  and  Ohta  1990). 

The  aim  of  our  present  study  was  to  investigate  the 
mechanism(s)  of  regulation  of  mitochondrial  gene  expression 
under  conditions  of  increasing  energy  demand.  Cellular 
energy  demand  was  increased  by  exposing  rat  pheochrom- 
ocytoma  PC  12  cultures  to  the  Na+  ionophore  monensin 
(Pressman  and  Fahim  1982),  or  by  exposing  primary 
neuronal  cultures  to  the  excitatory  amino  acid  glutamate 
(Ankarcrona  et  al.  1995),  then  measuring  ATP  and  levels  of 
mtDNA-encoded  and  nDNA-encoded  OXPHOS  mRNAs. 
Our  results  indicate  a  selective  initial  increase  and  a 
subsequent  decrease  in  mt-mRNA  in  both  monensin-  and 
glutamate -treated  cells.  The  initial  increase  is  due  to 
transcriptional  regulation  dependent  on  the  energy  status  of 
the  cell,  whereas  the  subsequent  decrease  is  due  to  post- 
transcriptional  regulation  that  is  independent  of  the  cell’s 
energy  status.  Part  of  this  work  has  been  published  as  an 
abstract  (Liu  et  al.  1999). 

Materials  and  methods 

Chemicals 

Reagents  and  chemicals  were  of  the  highest  grade  available  from 
Sigma  Chemical  Co.  (St  Louis,  MO,  USA).  Stock  solutions  of 
ouabain  and  actinomycin  D  were  prepared  in  water,  whereas 
monensin  and  ionomycin  were  dissolved  in  95%  ethanol.  When 
ethanol  was  used  as  a  solvent,  appropriate  control  experiments  were 
conducted  using  the  vehicle  alone.  Ethanol  concentrations  were 
always  <  0.1%. 

Culture  of  PC12S  cells 

A  morphological  variant  of  rat  pheochromocytoma  PC  12  cells 
(PC12S)  that  has  the  ability  to  grow  in  tissue  culture  dishes  without 
polylysine  treatment  was  used  in  the  experiments  (Fukuyama  et  al. 
1993).  The  PC12S  cells  were  maintained  in  Dulbecco’s  modified 


Eagle’s  medium  (DMEM)  containing  2  mM  glutamine,  7.5%  heat- 
inactivated  fetal  calf  semm,  7.5%  heat-inactivated  horse  serum  and 
penicillin-streptomycin. 

Primary  rat  cerebellar  cultures 

Procedures  involving  animals  and  their  care  were  conducted  in 
conformity  with  institutional  guidelines  that  are  in  compliance  with 
national  and  international  laws  and  policies  (National  Institutes  of 
Health  (NIH)  Guide  for  the  Care  and  Use  of  Laboratory  Animals, 
NIH  publication  no.  85-23,  1985). 

Cerebellar  granule  neurons  were  prepared  from  brains  of  7-day- 
old  Sprague-Dawley  rats  using  a  standard  method  (Schousboe  et  al. 
1989).  Neurons  were  plated  at  a  density  of  2  x  105  cells/cm2  in  six- 
well  tissue  culture  chambers  coated  with  poly-L-lysine  (MW 
30  000-700  000)  and  were  cultured  in  Eagle’s  basal  medium 
supplemented  with  Earle’s  salts,  10%  inactivated  fetal  calf  semm, 
25  mM  KC1  and  gentamicin  (50  ng/mL).  Neuronal  cultures  were 
incubated  at  37°C  in  a  humidified  atmosphere  containing  5%  CO 2/ 
95%  air.  Twenty-four  hours  after  plating,  cytosine  arabinoside 
(10  |tm)  was  added  to  the  cultures  to  prevent  growth  of  glial  cells. 
To  ensure  sensitivity  to  glutamate,  we  routinely  used  8-day-old 
cerebellar  neuronal  cultures. 

Exposure  to  monensin,  ouabain,  ionomycin  or  2-deoxy-D- 
glucose 

PC  12S  cells  grown  in  100  x  15  mm  dishes  were  treated  with 
vehicle,  monensin  (final  concentration  250  ni«),  ouabain  (final 
concentration  1  mM)  or  ionomycin  (final  concentration  3  pM).  At 
timed  points  over  a  6-8-h  period,  cells  were  washed  with 
Dulbecco’s  phosphate-buffered  saline  (DPBS)  without  calcium 
and  magnesium,  and  total  RNA  was  isolated  using  RNA-Bee 
reagent  as  recommended  by  the  manufacturer  (TEL-TEST  Inc., 
Friendswood,  TX,  USA).  Total  RNA  was  subjected  to  northern  blot 
analysis  as  described  below. 

For  experiments  with  2-deoxy-D-glucose,  this  reagent  was  added 
at  a  concentration  of  4.5  g/L  to  glucose-free  DMEM  containing 
pymvate  (110  mg/L).  At  timed  points  over  an  8-h  period,  the  cells 
were  exposed  to  this  medium  and  total  RNA  was  isolated. 

The  effect  of  extracellular  sodium  ([Na+]e)  on  monensin-induced 
changes  in  mt-mRNA  levels  was  studied  by  changing  [Na+]e  from 
125  mM  to  62.5  mM  or  31.25  mM.  Briefly,  the  amount  of  sodium 
chloride  in  constituted  culture  medium  was  decreased  and  replaced 
with  a  corresponding  concentration  of  choline  chloride  (Choi  1987). 

The  effect  of  monensin  on  the  stability  of  mtDNA-  and  nDNA- 
encoded  transcripts  was  detennined  by  adding  the  transcriptional 
inhibitor  actinomycin  D  to  the  cultures  at  a  final  concentration  of 
5  pg/mL.  After  1  h,  either  vehicle  or  monensin  was  added.  Total 
RNA  was  isolated  at  various  times  over  timed  periods  and  processed 
for  northern  blot  analysis. 

Exposure  of  neurons  to  glutamate 

On  day  8  in  culture,  the  cell  culture  medium  was  removed  and 
stored.  Neuronal  cultures  were  washed  once  with  prewarmed  (37°C) 
Locke  solution  (134  mM  NaCl,  5  mM  KC1,  4  mM  NaHCCE,  5  mM 
HEPES,  pH  7.4,  2.3  mM  CaCL  and  5  mM  glucose)  and  incubated 
for  15  min.  Immediately  thereafter,  L-glutamate  (100  pM)  and 
glycine  (10  pM)  were  added,  and  the  cells  were  further  incubated 
for  30  min  at  room  temperature  (24°C).  The  cells  then  were  washed 
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and  kept  in  the  old  culture  medium  without  glutamate  for  up  to  24  h. 
Control  cultures  were  treated  with  vehicle  over  the  same  time  period 
as  that  of  glutamate-treated  cells.  At  timed  points  over  an  8-h  period, 
neuronal  cultures  were  washed  with  DPBS;  total  RNA  was  isolated 
and  subjected  to  northern  blot  analysis. 

Cell  viability 

Cell  viability  was  determined  using  a  two-color  fluorescence  assay 
based  on  the  simultaneous  determination  of  live  and  dead  cells.  Two 
probes  were  employed  that  measure  two  recognized  parameters  of 
cell  viability:  intracellular  esterase  activity  and  plasma  membrane 
integrity.  Viable  cells  were  quantified  after  staining  of  cells  with 
cell-permeant  dye  calcein  AM  (2  |iM).  Non-viable  cells  were 
quantified  with  cell-impermeant  propidium  iodide  (10  pg/mL). 
The  ratio  of  the  number  of  cells  that  displayed  propidium  iodide 
fluorescence  (non-viable)  to  the  total  number  of  cells  in  a  field  was 
detennined. 

RNA  analysis 

Some  2-10  pg  total  RNA  was  run  on  a  1.2%  fonnaldehyde  agarose 
gel,  stained  with  ethidium  bromide.  28S  rRNA  and  18S  rRNA  were 
imaged  and  quantified  to  confirm  equal  loading  of  RNA,  and  the  gel 
was  then  transferred  on  to  a  GeneScreen  Plus  membrane  as  described 
by  the  manufacturer  (Dupont,  New  England  Nuclear,  MA,  USA). 
Prehybridization  and  hybridization  were  done  with  Hybridizol 
reagent  (Hybridizol  I  and  II  in  a  ratio  of  3  :  2;  Serologicals 
Corporation,  Norcross,  GA,  USA).  The  blots  were  prehybridized  at 
37°C  for  16  h  and  hybridized  with  32P-labeled  mtDNA-  and  nDNA- 
encoded  gene  probes  at  37°C  for  48  h  (Chandrasekaran  et  al.  1994). 
The  blots  were  washed  with  increasing  stringency  and  the  final  wash 
was  performed  at  65°C  with  0.2  x  SSC  (1  X  SSC  contains  150  mM 
sodium  chloride  and  1 5  niM  sodium  citrate)  and  1  %  sodium  dodecyl 
sulfate.  The  blots  were  exposed  to  X-ray  film  (Bio-max  MS,  Kodak, 
Rochester,  NY,  USA)  with  an  intensifying  screen  for  45  min  to 
2  days  at  -  70°C.  The  probes  were  removed  from  the  blots  by  placing 
them  in  boiling  Diethyl  Pyrocarbonate  (DEPC)-treated  water  for 
1 0  min.  The  blots  were  then  rehybridized  with  a  32P-labeled  control 
|3-actin  probe  as  described  above.  Finally  the  blots  were  hybridized 
with  12S  rRNA  probe.  The  level  of  RNA  hybridized  was  quantified 
using  an  image  analysis  program.  To  maintain  measured  intensities 
within  the  linear  range,  the  blots  hybridized  with  different  probes 
were  exposed  for  different  periods  of  time.  The  level  of  RNA  was 
quantified  from  autoradiograms  of  lower  exposure  than  was  used  for 
photography.  Ratios  of  mt-mRNA  to  P-actin  mRNA  or  12S  rRNA  to 
P-actin  mRNA  were  calculated  (Chandrasekaran  et  al.  1994). 

Probe  preparation  and  labeling 

Mitochondrial  DNA  probes  that  simultaneously  detect  several  mt- 
rnRNAs  were  used  (Murdock  et  al.  1999).  The  probes  were  created 
by  amplifying  nucleotides  (nt)  3351-7570  of  mtDNA  (probe  1)  and 
nt  8861-14  549  of  mtDNA  (probe  2).  Probe  1  hybridized  to 
mtDNA-encoded  NADH  dehydrogenase  (ND)  subunit  1  (NDl), 
ND2,  cytochrome  oxidase  (COX)  subunit  1  (COX  I)  and  COX  II 
mRNAs.  Probe  2  hybridized  to  ND5,  ND4  and  ND4L,  cytochrome 
b  (cyt  b)  and  COX  III  mRNAs.  cDNA  inserts  of  P-actin  cDNA  and 
12S  rRNA  clones  were  used  as  probes.  In  the  case  of  nDNA- 
encoded  cytochrome  c  (cyt  c),  COX  IV  and  succinate  dehydroge¬ 
nase  (SDH)  subunit  B  (SDH  B),  probes  were  prepared  by  RT-PCR 


using  gene-specific  primers  and  were  continued  by  sequencing.  The 
probes  were  radiolabeled  by  the  random  primer  method. 

Estimation  of  half-lives  of  mt-mRNAs,  12S  rRNA  and  p-actin 
mRNA 

Some  2-10  pg  total  RNA  from  cells  treated  with  either  vehicle  or 
monensin  in  the  presence  of  actinomycin  D  was  subjected  to 
northern  blot  analysis.  The  blots  were  hybridized  with  mtDNA 
probe  2,  12S  rRNA,  P-actin,  COX  IV  and  COX  VIII  probes,  and  the 
levels  of  respective  RNA  species  quantified.  Levels  of  P-actin 
mRNA  are  expressed  as  a  percentage  of  the  P-actin  mRNA 
remaining  at  each  experimental  time  compared  with  time  zero. 
Levels  of  mt-mRNA,  12S  rRNA,  COX  IV  mRNA  and  COX  VIII 
mRNA  were  calculated  as  the  ratio  of  the  respective  species  to  the 
level  of  P-actin  mRNA.  At  each  experimental  time,  the  RNA  ratios 
are  expressed  as  a  percentage  of  the  ratio  at  time  zero.  The  half-lives 
were  determined  from  the  equation  t]/2  =  0.301/slope  of  the  best  fit 
line  (logio  remaining  RNA  vs.  time). 

Measurement  of  ATP  and  intracellular  sodium  ([Na+]j) 

Cellular  ATP  levels  were  detennined  luminometrically  (Victor3, 
Shelton,  CT,  USA);  Perkin-Elmer  Instruments  using  an  ATP 
Bioluminescence  Assay  Kit  (Boehringer  Ingelheim,  Ridgefield, 
CT,  USA)  according  to  the  protocol  provided.  Briefly,  after  exposing 
PC12S  cells  to  vehicle,  monensin  or  2-deoxy-D-glucose,  the 
medium  was  withdrawn,  the  cells  were  exposed  to  lysis  buffer 
mixed  with  dilution  buffer  for  5  min  and  were  then  harvested  by 
scraping.  Aliquots  of  cellular  extracts  were  assayed  for  ATP  content 
using  the  ATP  dependency  of  the  light-emitting  luciferase/luciferin 
reagent.  ATP  concentration  was  detennined  from  a  standard  curve. 
Results  were  nonnalized  with  respect  to  cell  protein  concentration. 

The  culture  medium  was  replaced  with  medium  containing  22Na 
(5  pCi  or  185  KBq  per  ml).  Measurement  of  intracellular  22Na 
showed  that  equilibration  between  added  radioactive  label  and 
’cold’  sodium  in  the  medium  was  achieved  within  24  h.  The  cells 
were  then  treated  for  various  time  periods  with  either  the  vehicle  or 
monensin  (250  nM).  The  reaction  was  tenninated  by  aspiration  of 
the  medium,  and  the  cells  were  quickly  washed  twice  with  ice-cold 
DPBS  and  digested  for  1  h  in  0.2  mL  1  m  NaOH  at  room 
temperature.  Cell  digests  were  assayed  for  22Na  content  by 
scintillation  counting. 

Statistical  analysis  and  replication  of  results 

The  results  presented  are  representative  of  at  least  three  to  five 
independent  experiments.  Where  indicated,  statistical  analysis  was 
earned  out  using  one-way  anova  followed  by  Tukey’s  test  for 
multiple  comparisons.  Mean  ±  SEM  values  are  presented.  Differ¬ 
ences  were  considered  significant  when  p  <  0.05. 


Results 

Treatment  of  PC12S  cells  with  monensin  reduces  cellular 
ATP  levels 

Exposure  of  PC12S  cell  cultures  to  monensin  (250  nM) 
caused  a  sustained  13-60%  decrease  in  total  cellular  ATP 
levels,  from  15  ±  2  nmol  per  mg  protein  at  time  zero,  to 
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13  ±  1.5,  10  ±  1,  8  ±  0.7  and  5  ±  0.5  nmol  per  mg  protein  at 
0.5,  1,  3  and  6  h  respectively.  Exposure  of  PC12S  cells  to 
monensin  for  6  h  resulted  in  a  500%  increase  in  intracellular 
22Na  ([Na+]i)  from  30  ±  5  to  150  ±  12  pmol  per  pg  protein. 
Determination  of  cell  viability  using  calcein  AM  and 
propidium  iodide  showed  no  decrease  in  viability  (>  95% 
propidium  iodide  negative)  with  exposure  to  monensin  for  up 
to  6  h.  Our  interpretation  of  these  results  is  that  exposure  to 
monensin  in  PC12S  cells  causes  an  influx  of  Na+,  which  in 
turn  activates  Na/K-ATPase,  leading  to  increased  consump¬ 
tion  of  ATP  and  decreased  cellular  ATP  levels. 

Biphasic  changes  in  expression  of  mt-mRNAs  induced 
by  exposure  of  PC12S  cells  to  monensin 

To  examine  the  effects  of  increased  [Na+]t  on  mt-mRNA 
expression,  monensin  (250  nM)  was  added  to  PC12S  cell 
cultures.  At  different  periods  of  exposure  to  monensin  total 
cellular  RNA  was  isolated  and  subjected  to  northern  blotting. 
Blots  of  RNA  were  probed  with  mtDNA-derived  probes 
(probes  1  and  2),  12S  rRNA,  nDNA-derived  cDNA  encoding 
cyt  c,  COX  IV,  SDH  (Complex  II  of  OXPHOS)  subunits  A 
and  B  (SDH  A  and  B),  and  P-actin.  Levels  of  P-actin  mRNA 
were  determined  as  a  reference  to  ensure  that  equivalent 
amounts  of  RNA  were  loaded  and  transferred  into  each  lane 
in  northern  blot  analyses  (Fig.  1). 

Exposure  of  PC12S  cells  to  monensin  increased  the 
mt-mRNA  levels  during  the  first  hour  of  treatment  (Fig.  1). 
Continued  exposure  to  monensin  caused  a  significant 
decrease  in  mt-mRNAs  at  4-6  h  (Fig.  1).  Levels  of 


mtDNA-encoded  12S  rRNA  and  nDNA-encoded  cyt  c, 
COX  IV,  SDH  A,  SDH  B  and  P-actin  mRNA  were 
unaffected  by  monensin  treatment.  Quantification  of  the 
mt-mRNA  levels  showed  a  biphasic  response  following 
exposure  to  monensin;  a  significant  1.5-fold  increase  in  mt- 
mRNAs  during  the  first  30  min  of  exposure  followed  by  a 
significant  (50%)  decrease  at  4-6  h  after  exposure  (Figs  la 
and  b). 

Biphasic  changes  in  expression  of  mt-mRNAs  induced  by 
exposure  of  rat  cerebellar  granule  neurons  to  glutamate 

Although  PC  12  pheochromacytoma  cells  represent  a  cell  line 
commonly  used  to  model  neuronal  activities,  it  is  possible 
that  the  response  of  mt-mRNA  to  increased  [Na+];  is  not  the 
same  as  in  primary  cultures  of  neurons.  We  therefore  tested 
the  effects  of  the  excitatory  neurotransmitter  glutamate  on 
primary  cultures  of  rat  cerebellar  granule  neurons.  Glutam¬ 
ate-induced  excitotoxicity  in  primary  neuronal  cultures  is 
associated  with  increases  in  [Na+];  and  intracellular  calcium 
concentration  [Ca~+][,  and  decreased  cellular  ATP  levels 
(Ankarcrona  et  al.  1995).  Rat  cerebellar  neurons  were  treated 
with  glutamate  (100  gM)  for  30  min,  followed  by  normal 
culture  conditions.  Total  cellular  RNA  was  isolated  and 
subjected  to  northern  blot  analysis  with  mtDNA  probes  at  the 
end  of  the  glutamate  exposure  and  at  several  times  during  the 
8-h  after  treatment.  An  autoradiogram  and  quantitative  data 
are  shown  in  Fig.  2.  Immediately  following  exposure  of 
neurons  to  glutamate,  levels  of  mt-mRNA  rose  significantly 
(150%).  This  increase  was  followed  by  a  significant  decrease 
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Fig.  1  Effect  of  monensin  on  mtDNA-  and 
nDNA-encoded  RNA  expression  in  PC12S 
cells.  PC12S  cells  were  exposed  to 
monensin  (final  concentration  250  niui)  for 
the  indicated  periods  and  total  RNA  was 
isolated,  (a)  Northern  blot  analysis  for 
mtDNA-  and  nDNA-encoded  RNAs.  (b)  The 
intensity  of  the  hybridization  signal  was 
quantified  by  image  analysis  of  the  autora¬ 
diograms.  The  ratio  of  individual  mtDNA- 
encoded  mRNA  and  12S  rRNA  to  p-actin 
mRNA  was  calculated  at  each  time  point. 
The  percentage  RNA  change  with  respect 
to  time  zero  is  shown.  Each  point  repre¬ 
sents  the  mean  ±  SEM  of  five  separate 
experiments.  No  significant  changes  were 
observed  with  mtDNA-encoded  12S  rRNA 
or  with  nDNA-encoded  cyt  c,  COX  IV  and 
SDH  B  mRNAs.  pRNA,  precursor  RNA. 
*p  <  0.05,  **p  <  0.01  versus  time  zero 
samples  (one-way  anova  followed  by 
Tukey’s  test  for  multiple  comparisons). 
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Fig.  2  Effect  of  glutamate  exposure  on  mtDNA-encoded  RNA 
expression  in  rat  cerebellar  neurons.  Rat  cerebellar  granule  neurons 
cultured  for  8  days  in  vitro  were  exposed  to  glutamate  (100  |.lm)  for 
30  min  in  Locke  solution.  The  cells  were  then  washed  and  kept  in  the 
old  culture  medium  without  glutamate  for  up  to  8  h.  At  indicated  times, 
total  RNA  was  isolated  and  subjected  to  northern  blot  analysis  with 
mtDNA  probes.  The  intensity  of  the  hybridization  signal  was  quantified 
by  image  analysis  of  the  autoradiograms.  The  ratio  of  individual 
mt-mRNA  and  12S  rRNA  to  p-actin  mRNA  was  calculated  at  each  time 
point.  The  percentage  RNA  change  with  respect  to  time  zero  is  shown. 
Each  point  represents  the  mean  ±  SEM  of  three  separate  experi¬ 
ments.  pRNA,  precursor  RNA.  *p  <  0.05,  "p  <  0.01  versus  time  zero 
(one-way  anova  followed  by  Tukey’s  test  for  multiple  comparisons). 
Con  =  8  h  control  without  glutamate  exposure. 

at  4-8  h  (<  25%  compared  with  level  at  time  zero).  These 
results  suggest  that  there  are  two  mechanisms  operating  in 
the  regulation  of  mt-mRNA  expression  in  neuronal  cells 
under  conditions  of  ATP  depletion  and  ionic  stress:  an  early 
increase  in  mt-mRNA  levels  and  a  decrease  at  later  time 
periods  (>  4  h).  We  therefore  studied  the  molecular  basis  of 
these  two  mechanisms. 


Monensin-induced  increase  in  mt-mRNA  levels 
is  abolished  by  decreasing  [Na+]e 

To  understand  the  relation  between  the  monensin-induced 
increase  in  mt-mRNA  and  changes  in  [Na  ];  or  cellular  ATP 
levels,  we  exposed  the  PC12S  cell  cultures  to  varying 
concentrations  of  [Na+]e  in  the  presence  of  monensin  and 
measured  changes  in  mt-mRNA  levels.  [Na+]e  was  decreased 
from  125  mM  to  62.5  ihm  or  to  31.25  mM.  Monensin 
(250  nM)  was  added  to  the  culture  medium  and  at  various 
times,  total  cellular  RNA  was  isolated  and  subjected  to 
northern  blot  analysis  with  mtDNA  probe.  The  results  shown 
in  Fig.  3  show  that  when  [Na+]e  was  reduced  from  125  mM 
to  either  62.5  or  31.25  mM,  the  rapid  increase  and  the 
subsequent  decrease  in  mt-mRNA  was  eliminated.  The 
effects  of  monensin  on  levels  of  mt-mRNA  are  therefore 
sodium  dependent. 

Addition  of  ouabain  or  the  calcium  ionophore  ionomycin 
does  not  increase  mt-mRNAs 

Further  experiments  were  conducted  to  determine  whether 
the  effects  of  monensin  on  mt-mRNA  levels  are  due  to 
increased  [Na+];  per  se,  or  to  the  reduction  in  ATP  caused  by 
increased  sodium  cycling.  In  addition,  the  possible  secondary 
effect  of  increased  [Ca2+];  caused  by  raised  [Na+];  through 
Na+/Ca2+  exchange  was  investigated  (Fasolato  et  al.  1991). 
To  assess  the  effect  of  [Na+]i5  PC12S  cells  were  treated  with 
the  Na/K-ATPase  inhibitor  ouabain  (1  mM),  which  increases 
[Na+]i  without  decreasing  ATP  (Taurin  et  al.  2003).  The 
possible  effects  of  raised  [Ca2+];  were  assessed  by  the 
addition  of  the  calcium  ionophore  ionomycin  (3  gM)  (Fasol¬ 
ato  et  al.  1991).  Total  RNA  was  isolated  and  subjected  to 
northern  blot  analysis  with  mtDNA  probes.  The  results  are 
shown  in  Fig.  4. 

Addition  of  ouabain  decreased  steady-state  levels  of  mt- 
mRNA.  Mitochondrial  DNA-encoded  12S  rRNA,  however, 
was  unaffected  by  ouabain.  Exposure  to  ouabain  for  2  h 
increased  [Na+]j  from  30  ±  5  to  75  ±  9  pmol  per  pg  protein 
and  increased  cellular  ATP  from  15  ±  2  to  23  ±  3  nmol  per 
mg  protein.  Exposure  to  ionomycin  for  up  to  2  h  caused  no 
significant  change  in  cellular  ATP  (14.1  ±  2  to 
12.2  ±  3  nmol  per  mg  protein)  and  no  significant  change  in 
the  levels  of  mt-mRNA.  These  results  indicate  that  the  initial 
increase  in  mt-mRNA  synthesis  in  response  to  monensin  is 
not  due  to  the  increase  in  [Na+];  or  [Ca~+]j  but  probably 
results  from  decreased  cellular  ATP  levels. 

A  decrease  in  cellular  ATP  does  not  decrease  mt-mRNAs 

To  determine  whether  the  delayed  decrease  in  mt-mRNA  is 
also  due  to  a  decrease  in  cellular  ATP  levels,  we  exposed 
PC12S  cells  to  2-deoxy-D-glcose  (4.5  g/L)  in  glucose-fiee 
DMEM  containing  sodium  pyruvate  (llOmg/L).  Cellular 
ATP  levels  were  detennined  at  several  times  during  the  8  h 
after  treatment.  Exposure  of  PC12S  cell  cultures  to 
2-deoxy-D-glcose  in  glucose-free  medium  caused  a 
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Fig.  3  Effect  of  changes  in  extracellular  sodium  on  mtDNA-encoded 
RNA  expression.  PC12S  cells  were  exposed  to  monensin  (final  con¬ 
centration  250  nM)  in  the  presence  of  decreasing  [Na+]e.  At  indicated 
times,  total  RNA  was  isolated  and  subjected  to  northern  blot  analysis 
with  mtDNA-encoded  probes.  The  intensity  of  the  hybridization  signal 
was  quantified  by  image  analysis  of  the  autoradiograms.  The  ratio  of 
individual  mt-mRNA  to  p-actin  mRNA  was  calculated  at  each  time 
point.  The  percentage  RNA  change  with  respect  to  time  zero  is  shown. 
Note  no  significant  increase  was  seen  at  15  min  when  the  [Na+]e  was 
decreased  from  125  to  31.2  mM.  Each  point  represents  the  mean  ± 
SEM  of  three  separate  experiments.  pRNA,  precursor  RNA.  *p  <  0.05 
versus  time  zero  (one-way  anova  followed  by  Tukey’s  test  for  multiple 
comparisons). 


sustained  10-50%  decrease  in  total  cellular  ATP  levels, 
from  14.2  ±  1.7  nmol  per  mg  protein  at  time  zero,  to 
13  ±  1,  10.5  ±  0.9,  8.1  ±  0.8  and  7.1  ±  0.8  nmol  per  mg 
protein  at  1,  3,  5  and  8  h  respectively  (Fig.  5).  To  examine 
the  effects  of  decreased  cellular  ATP  levels  on  mt-mRNA 
expression,  total  cellular  RNA  was  isolated  from  2-deoxy- 
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Fig.  4  Effect  of  ouabain  or  ionomycin  on  mtDNA-encoded  RNA 
expression.  PC12S  cells  were  exposed  to  ouabain  (final  concentration 
1  mM)  or  ionomycin  (final  concentration  3  |tm)  for  the  indicated  time 
periods.  Total  RNA  was  isolated  and  subjected  to  northern  blot  ana¬ 
lysis  with  mtDNA-encoded  probes.  The  intensity  of  the  hybridization 
signal  was  quantified  by  image  analysis  of  the  autoradiograms.  The 
ratio  of  individual  mt-mRNA  and  12S  rRNA  to  p-actin  mRNA  was 
calculated  at  each  time  point.  The  percentage  RNA  change  with 
respect  to  time  zero  is  shown.  Mt-mRNA  levels  decreased  in  ouabain- 
treated  cells,  whereas  no  significant  changes  were  observed  with 
mtDNA-encoded  12S  rRNA.  Exposure  to  ionomycin  did  not  alter  the 
levels  of  mt-mRNA  and  12S  rRNA  during  the  2-h  period.  Each  point 
represents  the  mean  ±  SEM  of  three  separate  experiments.  *p  <  0.05, 
**p  <0.01  versus  time  zero  (one-way  anova  followed  by  Tukey’s  test 
for  multiple  comparisons). 


D-glucose-treated  cells,  subjected  to  northern  blotting,  and 
probed  with  mtDNA-derived  probe  2.  The  autoradiograms 
of  northern  blots  and  the  quantification  of  changes  in 
mt-RNA  levels  are  shown  in  Fig.  5.  Exposure  to  2-deoxy- 
D-glcose  increased  the  levels  of  mt-mRNA  by  20-32%  at  5 
and  8  h  after  treatment  and  there  was  no  evidence  of  a 
decrease  in  mt-mRNA  levels.  Thus,  the  late  decrease  in  mt- 
mRNA  levels  in  monensin-treated  cells  appears  to  be 
independent  of  cellular  ATP  decline. 
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Fig.  5  Effect  of  2-deoxy-D-glucose  on  mtDNA-encoded  RNA  expres¬ 
sion  in  PC12S  cells.  PC12S  cells  were  exposed  to  2-deoxy-D-glucose 
(final  concentration  4.5  g/L)  for  the  indicated  periods,  and  total  RNA 
was  isolated  and  subjected  to  northern  blot  analysis  with  mtDNA- 
encoded  probes.  The  intensity  of  the  hybridization  signal  was  quanti¬ 
fied  by  image  analysis  of  the  autoradiograms.  The  ratio  of  individual 
mt-mRNA  to  18S  rRNA  was  calculated  at  each  time  point.  The  per¬ 
centage  RNA  change  with  respect  to  time  zero  is  shown.  Each  point 
represents  the  mean  ±  SEM  of  five  separate  experiments.  No  signi¬ 
ficant  changes  were  observed  with  mt-mRNA  at  earlier  time  points 
(<  3  h),  whereas  there  was  a  significant  increase  at  later  time  points 
(>  5  h).  *p  <  0.05  versus  time  zero  (one-way  anova  followed  by 
Tukey’s  test  for  multiple  comparisons). 

Addition  of  actinomycin  D  abolishes  the  monensin- 
induced  initial  increase  in  mt-mRNAs 

To  test  whether  the  initial  increase  in  mt-mRNAs  in 
monensin-treated  cells  observed  during  the  first  hour  is  due 
to  increased  transcription  or  decreased  rnRNA  turnover,  we 
determined  the  effects  of  adding  actinomycin  D,  an  inhibitor 
of  cellular  transcription  (Chrzanowska-Lightowlers  et  al. 
1994),  on  mt-mRNA  levels.  Actinomycin  D  (5  pg/mL)  was 
added  to  the  culture  medium  and  monensin  was  added  1  h 
later.  Total  cellular  RNA  was  isolated  at  15,  30,  45,  60  and 
120  min,  and  subjected  to  northern  blot  analysis  with 
mtDNA  probe  2  (Fig.  6).  Throughout  this  period,  cell 
viability  was  not  compromised  and  there  was  no  substantial 
reduction  in  total  RNA  yield.  The  autoradiograms  of  northern 
blots  probed  with  mtDNA  probe  2  and  12S  rRNA,  and  the 
quantification  of  changes  in  mt-mRNA  levels,  are  shown  in 
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Fig.  6  Effect  of  termination  of  transcription  with  actinomycin  D  (act  D) 
on  monensin-induced  increase  in  mtDNA-encoded  RNA  levels. 
PC12S  cells  were  exposed  to  monensin  in  the  presence  or  absence  of 
actinomycin  D  (5  ng/mL).  Total  RNA  was  isolated  at  indicated  times 
and  2-pg  aliquots  were  subjected  to  northern  blot  analysis.  Hybrid¬ 
ization  was  quantified  by  image  analysis  of  autoradiograms.  The  ratio 
of  individual  mt-mRNA  and  12S  rRNA  to  (3-actin  rnRNA  was  calculated 
at  each  time  point.  The  percentage  RNA  change  with  respect  to  time 
zero  is  shown.  Each  point  represents  the  mean  ±  SEM  of  three  sep¬ 
arate  experiments.  pRNA,  precursor  RNA.  *p  <  0.05,  **p  <  0.01  ver¬ 
sus  time  zero  (one-way  anova  followed  by  Tukey’s  test  for  multiple 
comparisons). 


Fig.  6.  In  the  absence  of  actinomycin  D,  levels  of 
mt-mRNAs  increased  as  early  as  15  min  after  addition  of 
monensin  (Fig.  6).  In  the  presence  of  actinomycin  D,  the 
monensin-induced  increase  was  abolished  (Fig.  6).  This 
result  suggests  that  the  monensin-induced  early  increase  in 
mt-mRNA  levels  is  due  to  increased  mtDNA  transcription. 

Addition  of  actinomycin  D  accelerates  monensin-induced 
delayed  decrease  in  mt-mRNAs 

To  test  whether  the  delayed  decrease  in  mt-mRNA  in 
monensin-treated  cells  is  due  to  increased  degradation  or 
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Fig.  7  Effect  of  actinomycin  D  on  p-actin  mRNA  and  mtDNA-  encoded 
mRNAs  in  control  and  monensin-treated  PC12S  cells.  Total  RNA  was 
isolated  from  control  and  monensin-treated  cells  at  indicated  times 
after  termination  of  transcription  by  actinomycin  D,  and  10-pg  aliquots 
were  subjected  to  northern  blot  analysis.  Hybridization  was  quantified 
by  image  analysis  of  autoradiograms  and  normalized  to  that  of  p-actin 
mRNA.  Calculated  half-lives  are  shown  in  Table  1. 


Table  1  Estimation  of  half-lives  for  p-actin  mRNA,  12S  rRNA  and 
mtDNA-  and  nDNA-encoded  mRNAs  in  control  and  monensin-treated 
PC12S  cells 


Estimated  t1/2 

Relative  tv2 
(control/monensin) 

Transcript 

Control 

+  Monensin 

Encoded  by  nDNA 

COX  IV 

23.4  ±  5  (3) 

20.0  ±  4  (3) 

1.2 

COX  VIII 

24.0  (1) 

20.0  (1) 

1.2 

P-Actin 

24.6  ±  5  (5) 

22.0  ±  5  (5) 

1.2 

Encoded  by  mtDNA 
pRNA  3.6  ±  1  (3) 

1.1  ±  0.2  (3)* 

3.3 

COX  1 

3.8  (2) 

1  (2)* 

3.8 

COX  II 

3.7  (2) 

1.1  (2)* 

3.4 

COX  III 

3.5  ±  0.5  (5) 

1  ±  0.1  (5)* 

3.5 

ND5 

3.5  ±  0.5  (3) 

1  ±  0.2  (3)* 

3.5 

ND4  and  ND4L 

3.5  ±  0.5  (3) 

1  ±  0.2  (3)* 

3.5 

Cyt  b 

3.0  ±  0.25  (3) 

1  ±  0.2  (3)* 

3.0 

12S  rRNA 

20  ±  4  (5) 

18  ±  3  (5)* 

1.1 

Total  RNA  was  isolated  from  control  and  monensin-treated  cells  at 
various  times  after  termination  of  transcription  by  actinomycin  D,  and 
10-pg  aliquots  were  subjected  to  northern  blot  analysis.  Hybridization 
was  quantified  by  image  analysis  of  autoradiograms  and  normalized  to 
that  of  p-actin  mRNA.  The  half-lives  were  determined  from  the  equa¬ 
tion  ti/2  =  0.301/slope  of  the  best  fit  line  (log10  remaining  RNA  vs. 
time).  Each  point  represents  the  mean  ±  SEM  of  three  separate 
experiments.  pRNA,  precursor  RNA.  *p  <  0.01  versus  control  (one¬ 
way  anova  followed  by  Tukey’s  test  for  multiple  comparisons). 


decreased  synthesis,  we  determined  the  half-lives  of 
mt-mRNA,  mtDNA-encoded  12S  rRNA,  nDNA-encoded 
COX  IV,  COX  VIII  and  P-actin  mRNA  in  control  and 


monensin-treated  PC12S  cells.  Actinomycin  D  (5  pg/mL) 
was  added  to  the  culture  medium  and  after  1  h  monensin  was 
added.  Total  cellular  RNA  was  isolated  at  0.5,  1,  2,  3,  4  and 
6  h  after  adding  monensin,  and  subjected  to  northern  blot 
analysis.  Hybridization  results  with  mtDNA  probe  2  and 
P-actin  are  shown  in  Fig.  7.  The  half-life  of  other  RNAs  is 
shown  in  Table  1.  In  monensin-treated  cells,  half-lives  of 
mtDNA-encoded  ND5,  ND4,  ND4L,  cyt  b  and  COX  III 
mRNAs  were  significantly  shortened  from  approximately  3.5 
h  to  1  h.  No  significant  reductions  in  half-life  were  observed 
with  mtDNA-encoded  12S  rRNA  and  nDNA-encoded  COX 
IV,  COX  VIII  and  P-actin  mRNA  in  monensin-treated  cells. 
It  is  also  clear  that  the  half-life  of  mt-mRNA  is  much  shorter 
(3.5  h)  than  that  of  mtDNA-encoded  12S  rRNA,  nDNA- 
encoded  OXPHOS  mRNA  and  P-actin  mRNA  (~20  h). 

Discussion 

This  study  examined  the  involvement  of  transcriptional  and 
post-transcriptional  mechanisms  in  the  regulation  of  mitoch¬ 
ondrial  gene  expression.  The  data  show  that  exposure  of 
PC12S  cells  to  the  sodium  ionophore  monensin,  or  exposure 
of  cerebellar  granule  neurons  to  the  excitatory  amino  acid 
glutamate,  induces  a  selective  initial  increase  followed  by  a 
delayed  decrease  in  mt-mRNAs.  A  similar  biphasic  response 
in  mt-mRNA  levels  was  also  observed  when  human 
neuroblastoma  SH-SY5Y  cells  were  exposed  to  monensin 
or  primary  cortical  neuronal  cultures  were  exposed  to 
glutamate.  These  results  suggest  the  existence  of  two 
pathways  that  regulate  the  levels  of  mt-mRNAs  in  cells. 

Investigation  into  whether  mtDNA-encoded  structural  or 
non-mitochondrial  RNAs  are  also  regulated  in  response  to 
monensin  revealed  that  the  regulation  is  specific  to 
mt-mRNAs.  Exposure  of  PC12S  cells  to  monensin  or 
exposure  of  cerebellar  neurons  to  glutamate  caused  no 
change  in  mtDNA-encoded  12S  rRNA  levels.  These  RNA 
subtype-specific  effects  may  reflect  differences  in  the  tran¬ 
scriptional  regulation  of  mtDNA-encoded  rRNA  and  mt- 
mRNA,  as  well  as  differences  in  their  half-lives  (20  vs. 
3.6  h).  Quantification  of  mtDNA  by  Southern  blot  analysis 
showed  similar  levels  in  PC12S  cells  with  or  without 
monensin  treatment,  suggesting  that  the  changes  in  mt- 
mRNA  are  not  due  to  mitochondrial  turnover.  We  measured 
the  levels  of  three  nDNA-encoded  OXPHOS  mRNAs  (cyt  c, 
COX  IV  and  SDH  B)  as  well  as  P-actin  mRNA,  to  detennine 
whether  the  mt-mRNA  changes  were  specific  or  represented 
a  general  adaptation  to  the  increased  energy  demand 
resulting  from  exposure  to  monensin.  Transcriptional  regu¬ 
lators  of  nuclear-encoded  mitochondrial  proteins  such  as 
nuclear  respiratory  factors  (NRFs)  1  and  2  have  been  shown 
to  regulate  nDNA-encoded  cyt  c,  COX  IV,  SDH  B,  and  the 
mitochondrial  transcription  factor  Tfam  (Virbasius  et  al. 
1993;  Kelly  and  Scarpulla  2004).  SDH  B  of  OXPHOS 
complex  II  was  also  chosen  because  this  complex  is  entirely 
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coded  by  nDNA,  whereas  other  OXPHOS  complexes  (I,  III, 
IV  and  V)  consist  of  subunits  encoded  by  both  mtDNA  and 
nDNA  (Attardi  and  Schatz  1988).  Our  northern  blot  results 
showed  no  significant  changes  in  the  levels  of  nDNA- 
encoded  OXPHOS  and  non-OXPHOS  mRNAs  ((3-actin) 
after  exposure  to  monensin.  They  suggest  that  the  monensin- 
induced  response  is  specific  to  mt-mRNAs.  Levels  of  all  mt- 
mRNAs  were  altered  in  a  similar  manner  in  both  monensin- 
and  glutamate-treated  cells.  This  similarity  may  reflect  the 
transcriptional  mechanism  by  which  each  strand  of  mtDNA 
is  transcribed  as  a  single  polycistronic  message,  following 
which  the  message  is  processed  to  individual  mRNAs  by 
post-transcriptional  mechanisms  (Attardi  et  al.  1990). 

Increasing  or  decreasing  energy  demand  has  been  shown, 
respectively,  to  up-regulate  or  down-regulate  both  mtDNA- 
and  nDNA-encoded  OXPHOS  genes  (Hevner  and  Wong- 
Riley  1993;  Heddi  et  al.  1999;  Murdock  et  al.  1999;  Wiesner 
et  al.  1999;  Zhang  and  Wong-Riley  2000).  For  example, 
under  conditions  of  decreased  neuronal  activity  induced  by 
afferent  impulse  blockade  with  monocular  tetrodotoxin 
injection  in  monkeys,  mRNA  levels  of  OXPHOS  subunit 
genes  encoded  by  mtDNA  and  nDNA  were  decreased  in 
lateral  geniculate  nucleus  and  primary  visual  cortex  within 
days  (Hevner  and  Wong-Riley  1993;  Wong-Riley  et  al. 
1997).  Removal  of  the  blockade  restored  basal  mRNA  levels 
within  days  (Hevner  and  Wong-Riley  1993;  Wong-Riley 
et  al.  1997).  However,  in  these  studies  the  changes  in  mt- 
mRNA  were  disproportionately  larger  and  occurred  earlier 
than  changes  in  mRNA  encoded  by  nDNA,  suggesting  that 
changes  in  mt-mRNA  are  more  tightly  regulated  by  neuronal 
activity  and  energy  demand  (Hevner  and  Wong-Riley  1993; 
Wong-Riley  et  al.  1997).  On  the  other  hand,  the  changes  in 
nDNA-encoded  OXPHOS  mRNA  probably  represent  com¬ 
pensatory  mechanisms  that  operate  more  slowly.  Because  we 
measured  changes  over  a  period  of  6  h,  we  interpret  the 
immediate  increase  in  mt-mRNA  in  response  to  monensin  or 
glutamate  as  representing  a  mechanism  that  couples  increas¬ 
ing  energy  demand  directly  with  up-regulated  mitochondrial 
gene  expression.  Consistent  with  this  interpretation  are  the 
results  that  show  increased  levels  of  mtDNA-  and  nDNA- 
encoded  COX  subunit  mRNA  in  primary  neuronal  cultures 
in  response  to  KCl-induced  depolarization  (Zhang  and 
Wong-Riley  2000).  It  would  appear  that  both  NRF-2a  and 
NRF-2P  respond  to  increased  neuronal  activity  by  translo¬ 
cating  from  the  cytoplasm  to  the  nucleus,  where  they  engage 
in  transcriptional  activation  of  target  genes  such  as  Tfam 
(Zhang  and  Wong-Riley  2000;  Yang  et  al.  2004). 

Investigations  into  the  molecular  component  of  this  rapid 
coupling  suggested  that  the  monensin-induced  decrease  in 
cellular  ATP  level  is  probably  responsible  for  the  stimulation 
of  mitochondrial  transcription.  In  organello  transcription 
experiments  with  isolated  mitochondria  show  that  mitoch¬ 
ondrial  RNA  synthesis  is  regulated  in  response  to  changes  in 
intramitochondrial  ATP  levels  (Gaines  et  al.  1987;  Enriquez 


et  al.  1996;  DasGupta  et  al.  2001).  A  low  level  of  intramit¬ 
ochondrial  ATP  stimulates  mtDNA  transcription,  whereas  a 
high  level  suppresses  mtDNA  transcription,  possibly  by 
inhibiting  mitochondrial  RNA  polymerase.  This  sensitivity  to 
ATP  levels  represents  a  mechanism  by  which  energy  demand 
could  regulate  mtDNA  transcription  (Enriquez  et  al.  1996; 
DasGupta  et  al.  2001).  Moreover,  in  organello  studies  using 
[a-32P]UTP  showed  that  at  low  intramitochondrial  ATP 
levels,  mRNA  species  are  labeled  to  a  substantial  extent, 
whereas  there  is  minimal  labeling  of  the  rRNA  species 
(Gaines  et  al.  1987).  This  observation  may  explain  our 
finding  of  an  increase  in  mt-mRNA  levels  but  not  12S  rRNA 
in  monensin-treated  cells.  The  results  demonstrating  a 
reduction  in  mt-mRNA  levels  associated  with  increased 
ATP  levels  in  ouabain-treated  cells  are  also  consistent  with 
this  mechanism  of  gene  regulation.  Thus,  the  initial  increase 
in  mt-mRNA  in  monensin-treated  cells  may  represent  a 
physiological  coupling  mechanism  that  operates  at  the 
transcriptional  level,  allowing  mtDNA  to  generate  optimal 
levels  of  mRNA  in  response  to  energy  demands. 

Our  results  demonstrating  a  rapid  positive  effect  of 
monensin  on  transcription  of  mt-mRNAs  and  a  negative 
effect  of  ouabain  suggest  that  the  metabolic  pathways  are 
uniquely  organized  in  mammalian  brain  so  that  dynamic 
local  energy  demand  can  be  met  rapidly  by  increased 
OXPHOS  (Rapoport  1970;  Kato  and  Lowry  1973;  Sokoloff 
1991;  Wong-Riley  et  al.  1998).  At  sites  of  high  energy 
demand,  such  as  at  postsynaptic  dendrites  and  axon  terminals 
where  Na/K-ATPase  and  mitochondria  are  enriched,  in¬ 
creased  electrical  activity  causes  an  increase  in  [Na+];  which 
in  turn  stimulates  Na/K-ATPase  to  consume  ATP.  Reduced 
ATP  and  increased  ADP  and  AMP  level  can  be  sensed  by 
mitochondria  to  stimulate  the  transcription  and  translation  of 
mtDNA-encoded  subunits.  These  changes  provide  a  frame¬ 
work  for  the  import  and  integration  of  nuclear-encoded 
subunits,  which  are  entirely  synthesized  in  cell  bodies. 
Dynamic  local  energy  demand  can  be  met  when  mtDNA- 
and  nDNA-encoded  subunits  are  assembled  to  form  func¬ 
tional  OXPHOS  complexes. 

The  decrease  in  mt-mRNA  at  4-6  h  of  exposure  to  monensin 
suggests  the  presence  of  a  slower-acting  mechanism  for 
inhibiting  mitochondrial  gene  expression,  which  is  independ¬ 
ent  of  the  cell  energy  status  and  overrides  the  nonnal 
rapid  regulation  by  energy  demand.  The  independence  of  the 
decrease  in  mt-mRNA  levels  with  cellular  ATP  decline  was 
substantiated  by  the  observation  that  exposure  to  2-deoxy- 
D-glucose  decreased  cellular  ATP  levels  with  no  evidence  of 
any  mt-mRNA  decrease.  Decreases  in  mt-mRNA  levels  under 
pathological  conditions  have  been  observed.  For  example,  the 
level  of  mtDNA-encoded  COX  I  mRNA  decreases  within 
hours  in  CA1  neurons  of  gerbils  after  transient  forebrain 
ischemia  (Abe  et  al.  1993).  This  decrease  occurs  in  the 
absence  of  a  decrease  in  mtDNA,  suggesting  impaired 
transcription  and/or  turnover  of  mt-mRNA  (Abe  et  al.  1993). 
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In  this  model,  the  decrease  in  COX  I  mRNA  occurs  when 
energy  demand  is  high  on  these  cells  to  restore  ionic  gradients 
to  resting  levels  and  to  maintain  neuronal  activity  (Arai  et  al. 
1986;  Abe  et  al.  1993).  A  disproportionate  decrease  in 
mtDNA-encoded  COX  subunit  mRNA  in  the  absence  of  a 
change  in  mtDNA-encoded  12S  rRNA  has  also  been  noted  in 
brains  of  patients  with  Alzheimer’s  disease  (Chandrasekaran 
et  al.  1994,  1998;  Hatanpaa  et  al.  1996). 

Our  actinomycin  D  experiments  suggest  that  a  post- 
transcriptional  mechanism  is  responsible  for  the  observed 
decrease  in  mt-mRNA  in  monensin-treated  cells.  Half-lives 
of  mt-mRNA,  12S  rRNA,  COX  IV,  COX  VIII  and  P-actin 
mRNA  in  the  presence  and  absence  of  monensin  were 
calculated  after  inhibition  of  de  novo  mitochondrial  and 
nuclear  transcription  by  actinomycin  D.  The  estimated  half- 
life  of  mt-mRNAs  in  control  cells  was  ~3.6  h,  whereas  that 
of  mtDNA-encoded  12S  rRNA  and  of  nDNA-encoded 
COX  IV,  COX  VIII  and  P-actin  mRNA  was  greater  than 
20  h.  The  half-lives  of  mt-mRNAs  in  PC12S  cells  are 
similar  to  those  reported  in  other  cell  culture  systems 
(Gelfand  and  Attardi  1981;  Chrzanowska-Lightowlers  et  al. 
1994).  In  monensin-treated  cells,  the  estimated  half-life  of 
mt-mRNA  decreased  from  3.6  to  ~1  h,  representing  a  3.5- 
fold  decrease  in  the  stability  of  mt-mRNA  in  monensin- 
treated  cells.  This  post-transcriptional  mechanism  involving 
Rnase(s)  probably  accounts  for  the  accelerated  degradation 
of  mt-mRNA. 

Although  we  have  not  identified  a  specific  Rnase 
responsible  for  the  accelerated  degradation  of  mt-mRNA 
in  PC12S  cells,  an  Rnase-L  has  been  reported  to  degrade  a 
number  of  mitochondrial  mRNAs  in  human  H9  cells  in 
response  to  interferon-ot  treatment  (Le  Roy  et  al.  2001). 
This  Rnase-L  pathway  is  activated  in  models  of  ischemia- 
reperfusion  injury  (Paschen  et  al.  1999).  A  comparison  of 
the  half-life  of  mt-mRNA  in  monensin-treated  mouse 
embryo  fibroblasts  showed  greater  stability  in  Rnase-L V- 
cells  compared  with  Rnase-L+/+  cells  (Chandrasekaran 
et  al.  2004).  Thus,  activation  of  Rnase-L  may  be  respon¬ 
sible  for  the  accelerated  degradation  of  mt-mRNA  in 
monensin-treated  cells. 

In  summary,  our  results  suggest  a  physiological  transcrip¬ 
tional  mechanism  of  regulation  of  mitochondrial  gene 
expression  by  energy  demand  and  a  pathological  post- 
transcriptional  regulation  that  is  independent  of  energy  status 
of  the  cell.  The  post-transcriptional  mechanism  is  likely  to  be 
pathological  because  it  overrides  the  normal  regulation  by 
energy  demand,  causes  accelerated  degradation  of  transcripts 
and  undermines  the  actual  energy  demand  of  the  cell. 
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ABSTRACT 

esuscitation  with  100%  ventilatory  oxygen  is  routinely 
initiated  after  severe  traumatic  brain  injury  (TBI).  Despite 
the  objective  to  improve  oxygenation  of  the  injured  brain, 
there  are  concerns  about  the  increased  production  of  reactive 
oxygen  species  (ROS),  which  can  lead  to  further  neuronal 
damage.  3-nitrotyrosine  (3-NT),  the  product  of  peroxynitrite- 
meditated  tyrosine  residue  nitration,  has  been  used  as  a 
marker  for  ROS-induced  oxidative  damage  to  proteins.  We 
hypothesized  that  posttraumatic  resuscitation  with  hyperoxic 
ventilation  with  a  fraction  of  inspired  oxygen  (Fio2  100%) 
results  in  increased  ROS-induced  damage  to  proteins  com¬ 
pared  with  resuscitation  with  normoxic  ventilation  or  room 
air  (Fio2  21%). 

Male  Sprague-Dawley  rats  underwent  controlled  corti¬ 
cal  impact  (CCI)  and  were  resuscitated  with  either  normoxic 
or  hyperoxic  ventilation  for  1  hour  after  injury  (n  =  5  per 
group).  Sham-operated  control  groups  received  1  hour  of 
normoxic  or  hyperoxic  ventilation  without  CCI  (n  =  4-5  per 
group).  Twenty-four  hours  after  injury,  rats  were  perfused 
with  fixative,  and  hippocampi  were  evaluated  for  levels  of 
3-NT  immunostaining.  In  a  second  experiment,  for  a  delayed 
assessment  of  neuronal  survival,  another  set  of  rats  similarly 
underwent  CCI  and  normoxic  or  hyperoxic  ventilation  for  1 
hour  (n  =  4  per  group),  and  a  sham-operated  group  was  used 
as  a  control  (n  =  4).  One  week  after  injury,  neuronal  cell 
counts  and  abnormal  cell  quantification  were  performed  after 
staining  with  the  neuron-specific  NeuN  antibody. 

Quantification  of  3-NT  staining  revealed  significantly 
increased  levels  in  the  ipsilateral  hippocampus  in  the  hyper¬ 
oxic  CCI  group.  The  normoxic  group  showed  a  51.0%  re¬ 
duction  of  staining  in  CA1  when  compared  with  those  rats 
resuscitated  with  hyperoxia  and  a  50.8%  reduction  in  CA3 
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(both  P  <  0.05).  There  was  no  significant  difference  in 
staining  between  the  injured  normoxic  group  and  the  sham- 
operated  groups.  In  the  delayed  analysis  of  neuronal  survival, 
although  neuronal  counts  were  reduced  in  the  hippocampus 
on  the  injured  side  in  both  injured  groups,  there  was  no 
significant  difference  between  hyperoxic  and  normoxic 
groups.  Similarly,  abnormal  cell  counts  were  not  significantly 
different  between  groups. 

In  this  clinically  relevant  model  of  TBI,  normoxic 
resuscitation  significantly  reduced  levels  of  oxidative  damage 
to  proteins  compared  with  hyperoxic  resuscitation.  Delayed 
neuronal  counts  showed  no  beneficial  effect  of  hyperoxic 
resuscitation.  These  findings  indicate  that  hyperoxic  ventila¬ 
tion  in  the  early  stages  after  severe  TBI  may  exacerbate 
oxidative  damage  to  proteins.  Future  studies  should  examine 
the  relationship  between  protein  oxidation  and  histologic  and 
neurologic  outcome  in  TBI. 

Improvement  of  cerebral  oxygenation  after  human  TBI 
is  one  of  the  main  therapeutic  goals  in  the  attempt  to  prevent 
secondary  brain  injury.  After  severe  TBI,  there  is  cerebral 
edema  and  often  decreased  cerebral  blood  flow  (CBF),  which 
causes  a  shift  from  aerobic  to  anaerobic  metabolism.  The 
presence  of  impaired  oxidative  metabolism  is  suggested  by 
increased  brain  tissue  lactate  levels  after  TBI  and  reduction  of 
lactate  levels  with  increased  inspired  oxygen  concentration 
(Fio2  100%). 30  In  fact,  in  the  prehospital  setting,  endotracheal 
intubation  and  initial  resuscitation  with  an  Fio2  of  100%  is 
routinely  used  in  patients  after  severe  TBI.  In  an  effort  to 
prevent  hypoxia  and  secondary  brain  injury,  it  is  recom¬ 
mended  as  a  guideline  to  avoid  oxygen  saturation  <90%  in 
the  field  or  a  Pao2  <60  mm  Hg.6  However,  often  large 
concentrations  of  oxygen  are  continually  given  during  resus¬ 
citation  and  throughout  the  first  24  hours  after  injury,  which 
results  in  Pao2  levels  well  above  physiologic  conditions. 

Despite  the  seemingly  beneficial  effect  of  increased 
Fio2  or  normobaric  hyperoxia  on  cerebral  metabolism  after 
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TBI,44  the  potential  adverse  effects  must  be  considered.  First, 
the  generation  of  ROS  occurs  by  a  reaction  without  saturation 
at  the  inner  mitochondrial  membrane  in  the  presence  of  large 
concentrations  of  oxygen.  These  products  can  result  in  oxi¬ 
dized  proteins,  lipids,  DNA,  and  RNA,  which  can,  in  turn, 
impair  cell  metabolism  and  cell  viability.  Second,  the  harmful 
effects  of  hyperoxia  on  the  lungs,  including  atelectasis,  proin- 
flammatory  processes,  fibrosis,  and  pulmonary  hypertension 
have  been  well  demonstrated.22-39  Underlying  this  issue,  there 
is  also  a  question  of  how  much  oxygen,  when  delivered  at 
large  concentrations  to  the  lungs  and  blood  stream,  is  actually 
effectively  delivered  to  the  brain  tissue.23-28-38 

The  aim  of  this  study  is  to  determine  the  effect  of 
hyperoxic  (Fio2  100%)  versus  normoxic  (Fio2  21%)  ventila¬ 
tory  resuscitation  after  TBI  on  the  production  of  ROS  by 
using  an  experimental  model  of  CC1.  Peroxynitrite  is  formed 
from  a  reaction  between  the  ROS  nitric  oxide  and  superoxide. 
3-NT  is  the  product  of  peroxynitrite-mediated  nitration  of 
tyrosine  residues  and  has  been  used  as  a  marker  for  oxidative 
stress.  We  designed  this  study  to  determine  the  levels  of  3-NT 
in  animals  treated  with  hyperoxic  versus  normoxic  ventila¬ 
tory  resuscitation  after  CCI. 

MATERIALS  AND  METHODS 

The  subjects  were  31  male  Sprague-Dawley  rats  with  a 
mean  age  of  10.6  weeks  (range,  9.6-12.3)  and  a  mean  weight 
of  326.7  g  (range,  262-432).  All  experiments  were  per¬ 
formed  in  accordance  with  the  Institutional  Animal  Care  and 
Use  Committee  at  the  University  of  Maryland  School  of 
Medicine. 

Surgery 

Rats  were  placed  in  a  Plexiglas  chamber,  and  anesthe¬ 
sia  was  induced  by  4.5%  inhaled  isoflurane  in  pressurized 
room  air  for  2  to  3  minutes.  They  were  then  endotracheally 
intubated  with  a  14-gauge  Angiocath  and  placed  on  positive 
pressure  ventilation  on  a  small  animal  ventilator  (Harvard 
Apparatus,  Holliston,  MA).  Maintenance  anesthesia  was  de¬ 
livered  with  3%  isoflurane.  The  animal  was  placed  in  a 
stereotactic  frame.  A  rectal  temperature  probe  and  a  heating 
blanket  (Henry  Schein,  Melville,  NY)  were  used  to  maintain 


the  body  temperature  at  37°C.  The  mean  temperature  at  time 
of  CCI  was  36.9  ±  0.1°C  (range,  34.4-37.7). 

After  a  midline  scalp  incision,  the  left  parietal  bone  was 
exposed.  A  left  parietal  craniotomy  was  performed  with  the 
aide  of  a  surgical  microscope  and  a  dental  drill  (Fine  Science, 

Foster  City,  CA).  Then,  the  CCI  device  was  calibrated  with 
respect  to  the  exposed  dura  within  the  craniotomy.  The 
parameters  of  impact  in  injured  rats  were  a  depth  of  1.5  mm, 
a  mean  velocity  of  5.62  ±  0.04  m/s  (range,  5.24-5.88),  and 
a  duration  of  50  ms.  After  impact,  the  hyperoxic  rats  were 
ventilated  with  100%  02  for  1  hour.  Normoxic  rats  were 
continued  on  ventilation  with  room  air  (Fio2  21%)  for  1  hour. 

The  craniotomy  site  was  covered  with  dental  acrylic,  and  the 
scalp  incision  was  closed  with  silk  suture.  Sham-operated 
groups  received  a  craniotomy  without  CCI  and  were  venti¬ 
lated  with  either  hyperoxia  or  normoxia  for  1  hour.  Arterial 
blood  gas  analysis  was  performed  in  all  rats  30  minutes  after 
injury  with  blood  obtained  from  the  tail  artery.  The  Po2,  pH 
value,  and  Pco2  of  the  groups  analyzed  for  3-NT  are  shown  in 
Table  45.1  and  those  analyzed  for  NeuN  in  Table  45.2.  After  ti  T2 
1  hour  of  resuscitation,  the  isoflurane  was  stopped.  The  rats 
were  extubated  after  exhibiting  spontaneous  respiration  and 
movement. 

IMMUNOHISTOCHEMISTRY 

3-NT 

Twenty-four  hours  after  injury,  rats  were  injected  with 
a  lethal  dose  of  intraperitoneal  sodium  pentobarbital.  Rats 
were  perfused  first  with  intracardiac  saline  and  then  with  4% 
paraformaldehyde.  The  brains  were  removed  and  postfixed  in 
a  2.5%  acrolein  (Polysciences,  EM  grade,  Warrington,  PA) 
solution  in  4%  paraformaldehyde,  pH  6.8,  for  1  hour,  and 
kept  in  4%  paraformaldehyde  for  1  day.  The  brains  were  then 
sliced  to  isolate  3-mm  coronal  blocks  that  included  the 
hippocampi.  These  blocks  were  then  transferred  to  a  30% 
sucrose  solution  and  left  until  they  sank.  Using  a  freezing 
microtome,  blocks  were  cut  into  25-p.m  sections  in  a  1:6 
series  for  staining.  Sections  were  stored  at  —  20°C  in  a 
cryoprotectant  polyethylene  glycol  for  at  least  1  week  before 
staining.47 


TABLE  45.1.  Arterial  blood  gas  analysis  during  ventilatory  resuscitation  after  CCI  for  rats  analyzed  for  3-NTa,b 

Subject  group 

P°2 

Pco2 

pH  value 

Injured  hyperoxic  (n  =  5) 

396.5  ±  26.9° 

32.0  ±  3.6 

7.51  ±  0.04 

Injured  normoxic  (n  =  5) 

105.6  ±  4.3 

31.4  ±  6.1 

7.46  ±  0.06 

Sham  hyperoxic  (n  =  5) 

346.0  ±  30.5° 

30.6  ±  2.6 

7.52  ±  0.03 

Sham  noimoxic  (n  =  4) 

102.8  ±  8.7 

33.4  ±  2.6 

7.49  ±  0.03 

aValues  are  expressed  as  mean  ±  SE. 

bCCI,  controlled  cortical  impact;  3-NT,  3-nitrotyrosine;  Po2,  partial  pressure  of  oxygen;  Pco2,  partial  carbon  dioxide  pressure. 
CP  <  0.05  compared  with  normoxic  group  counterparts. 
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TABLE  45.2.  Arterial  blood  gas  analysis  during  ventilatory 
resuscitation  after  CCI  for  rats  analyzed  for  NeuNa,b 

Subject  group 

P°2 

Pco2 

pH  value 

Injured  hyperoxic 
(n  =  4) 

306.8  ±  25.6° 

35.4  ±  1.9 

7.48  ±  0.02 

Injured  normoxic 
(n  =  4) 

128.1  ±  16.8 

32.7  ±  4.3 

7.50  ±  0.04 

Sham  hyperoxic 
(n  =  4) 

346.7  ±  28. 7C 

34.2  ±  2.6 

7.52  ±  0.03 

aValues  are  expressed  as  mean  ±  SE. 

bCCI,  controlled  cortical  impact;  NeuN,  neuron-specific  antibody;  Po2, 
partial  pressure  of  oxygen;  Pco2,  partial  carbon  dioxide  pressure. 

CP  <  0.05  compared  with  normoxic  group  counterparts. 


Sections  were  then  washed  in  0.1  M  of  Tris  buffer 
solution,  pH  7.6,  six  times,  10  minutes  each,  to  rinse  out  the 
cryoprotectant.  They  were  then  incubated  in  a  1%  sodium 
borohydride  solution  for  20  minutes  and  rinsed  multiple  times 
with  Tris  buffer.  The  following  staining  method  was  adapted 
from  a  protocol  previously  described  by  Lorch  et  al.26  Sec¬ 
tions  were  mounted  on  glass  slides  and  allowed  to  dry 
overnight.  The  next  day,  slides  were  rehydrated  in  Tris  buffer 
and  treated  in  a  5%  H202/methanol  solution  for  30  minutes  to 
kill  endogenous  peroxidase  activity.  They  were  then  washed 
in  tap  water  for  10  minutes.  Slides  were  then  submerged  in  a 
boiling  citrate  solution  for  10  minutes  and  then  allowed  to 
soak  in  the  hot  solution  for  another  10  minutes.  They  were 
then  washed  in  distilled  H20  for  5  minutes  and  Tris  buffer 
three  times,  5  minutes  each.  Slices  were  blocked  with  a  50% 
goat  serum  Tris  buffer  solution  for  1  hour  in  a  moist  chamber. 
Next,  slices  were  treated  with  a  5%  goat  serum  Tris  buffer 
solution  with  rabbit  anti-3-nitrotyrosine  antibody  (1:500;  Up¬ 
state,  Waltham,  MA)  overnight  at  4°C.  Slices  were  then 
washed  in  Tris  buffer  two  times,  5  minutes  each,  and  treated 
with  biotinylated  goat  anti-rabbit  antibody  in  Tris  buffer 
(1:1000)  for  1  hour  at  room  temperature  in  a  moist  chamber. 
After  washing  again  in  Tris  buffer  two  times,  5  minutes  each, 
slices  were  stained  with  Nickel-diaminobenzidine  (Ni-DAB) 
chromogen  using  the  VectorStain  Elite  ABC  kit  (Vector 
Laboratories,  Burlingame,  CA). 

Stained  slices  were  analyzed  for  intensity  of  3-NT 
staining.  Quantitative  analyses  were  performed  with  com¬ 
puter-assisted  image  analysis  system,  which  consisted  of  a 
Nikon  Eclipse  800  photomicroscope,  a  Retiga  1300  cooled 
CCD  digital  camera  (Biovision  Technologies,  Inc.,  Exton, 
PA),  and  a  Macintosh  G4  computer  with  IP  Spectrum  soft¬ 
ware  (Scientific  Image  Processing,  Version:  3.9.3  r2,  Mac  OS 
10.3.3;  Scanalytics,  Fairfax,  VA).  The  total  area  of  staining 
was  determined  in  regions  of  the  hippocampus  under  40  X 
magnification.  For  each  subject,  an  equivalent  slice  through 
the  hippocampus  was  analyzed  in  the  CA1,  CA  2/3,  and 


dentate  gyrus  (DG)  regions  in  both  sides  ipsilateral  and 
contralateral  to  the  injury.  For  each  region  of  the  hippocam¬ 
pus,  three  fields  under  40  X  magnification  were  analyzed.  The 
stage  of  the  microscope  was  adjusted  so  that  the  cell  layer 
was  centered  in  the  field  and  was  oriented  horizontally  in  the 
captured  image.  The  amount  of  staining  was  expressed  as  the 
average  area  occupied  by  the  black  reaction  product,  which 
represented  3-NT  immunoreactivity  within  the  microscopic 
field.  For  each  image  analysis,  segmentation  values  were  set 
to  eliminate  any  background  staining,  and  the  total  area  of 
staining  (in  square  micrometers)  was  determined.  All  slices 
were  analyzed  by  the  same  examiner  for  consistency. 

NeuN 

For  delayed  analysis  of  neuronal  survival  7  days  after 
injury,  rats  were  perfused  and  brain  slices  were  prepared 
using  the  same  method  described  above  for  the  3-NT  anti¬ 
body.  After  storing  sections  at  —  20°C  in  polyethylene  glycol 
for  at  least  1  week,  they  were  stained  using  a  free-floating 
double  label  immunocytochemistry  protocol,  previously  de¬ 
scribed  by  Hoffman  et  al.19  Briefly,  sections  were  washed  in 
0.05  M  of  potassium  phosphate  buffered  saline  (KPBS)  six 
times,  10  minutes  each,  to  rinse  out  the  cryoprotectant.  They 
were  then  incubated  in  a  sodium  borohydride  solution,  as 
described  above,  and  rinsed  multiple  times  in  KPBS.  The 
slices  were  then  incubated  with  the  primary  antibody,  mouse 
monoclonal  anti-NeuN  (1:120,000;  Chemicon,  Temecula, 
CA)  in  KPBS  with  0.4%  Triton-X  for  1  hour  at  room 
temperature  and  then  for  24  hours  at  4°C.  Sections  were  then 
rinsed  again  in  KPBS  six  times,  10  minutes  each.  They  were 
incubated  with  the  secondary  antibody,  biotinylated  horse 
anti-mouse  antibody  (1:600)  in  KPBS  with  0.4%  Triton-X  for 
1  hour.  After  rinsing  again  in  KPBS  five  times,  10  minutes 
each,  sections  were  prepared  with  the  VectorStain  Elite  ABC 
kit.  Sections  were  then  rinsed  in  KPBS  three  times,  5  minutes 
each,  then  0.175M  sodium  acetate  three  times,  5  minutes 
each,  and  then  KPBS  three  times,  5  minutes  each.  The 
sections  were  then  placed  into  a  Ni-DAB  H202  chromogen 
solution  (250  mg  of  Ni  sulfate,  2  mg  of  DAB,  and  8.3  p.L  of 
3%  H202  /1 0  L  of  10.175  sodium  acetate  solution).  Sections 
were  left  in  solution  for  10  minutes  and  staining  was  then 
terminated  by  transferring  to  the  sodium  acetate  solution. 
Stained  sections  were  then  mounted  on  glass  slides,  dehy¬ 
drated,  and  coverslipped  with  Histomount  (Zymed  Laborato¬ 
ries,  South  San  Francisco,  CA). 

For  neuronal  quantification,  the  same  computer-as¬ 
sisted  image  analysis  system  described  above  for  3-NT  was 
used.  For  each  subject,  an  equivalent  section  through  the 
hippocampus  was  analyzed  for  neuronal  counts  in  the  CA1 
and  CA3  regions  in  both  sides  ipsilateral  and  contralateral  to 
the  injury.  In  each  hippocampal  region,  two  high-power  fields 
under  40  X  magnification  were  analyzed.  The  number  of 
normal  neurons  was  determined.  In  addition,  abnormal  neu- 
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rons  that  exhibited  fragmented,  pyknotic,  or  absent  nuclei 
were  also  counted.  All  slices  were  analyzed  by  the  same 
examiner  for  consistency. 

Statistics 

One  way  analysis  of  variance  (ANOVA,  Student- 
Newman-Keuls  method)  was  used  for  data  analysis.  All 
comparisons  with  P  <  0.05  are  considered  significant.  All 
values  are  expressed  as  mean  ±  SEM. 

RESULTS 

Arterial  Blood  Gas  Analysis 

Mean  Po2,  Pco2,  and  pH  values  obtained  from  the  tail 
arterial  blood  after  30  minutes  of  ventilatory  resuscitation 
after  CC1  for  the  rats  analyzed  for  3-NT  are  shown  in  Table 
45.1.  In  the  3-NT  immunohistochemistry  experiment,  the 
mean  Po2  values  for  the  hyperoxic  ventilated  rats  were 
396.5  ±  26.9  for  the  injured  rats  and  346.0  ±  30.5  for  the 
sham-operated  rats.  These  values  were  significantly  increased 
when  compared  to  the  normoxic  counterparts  with  po2  values 
of  105.6  ±  4.3  and  102.8  ±  8.7,  with  ( P  <  0.001).  Arterial 
blood  gas  analysis  for  rats  analyzed  for  NeuN  are  shown  in 
Table  45.2.  Similarly,  rats  that  received  hyperoxic  resuscita¬ 
tion  had  Po2  values  of  306.8  ±  25.6  for  the  injured  rats  and 
346.7  ±  28.7  for  the  sham-operated  rats.  These  values  were 
significantly  increased  compared  with  the  normoxic  rats  with 
a  mean  Po2  of  128.1  ±  16.8  (P  <  0.001).  In  both  experi¬ 
ments,  there  was  no  significant  difference  in  Pco2  or  pH 
values  between  groups. 

Nitrotyrosine  Analysis 

In  this  experiment,  rats  were  subject  to  one  of  four 
conditions:  injury  with  hyperoxic  resuscitation  (n  =  5),  injury 
with  normoxic  resuscitation  (n  =  5),  sham  operation  with 
hyperoxic  resuscitation  (n  =  5),  or  sham  operation  with 
normoxic  resuscitation  (n  =  4).  To  determine  levels  of 
oxidative  stress,  brain  slices  through  the  hippocampus  were 
obtained  24  hours  after  CC1  and  stained  with  the  3-NT 
antibody  (Fig.  45.1).  Quantification  of  3-NT  staining  in  the 
hippocampus  ipsilateral  to  the  injured  cortex  is  displayed  in 
Figure  45.2.  In  the  hippocampal  region  of  CA1,  rats  resus¬ 
citated  with  normoxia  showed  a  5 1 .0%  reduction  of  staining 
when  compared  with  those  rats  resuscitated  with  hyperoxia 
(P  <  0.05).  In  CA3,  normoxic  rats  showed  a  50.8%  reduction 
in  staining  when  compared  with  hyperoxic  rats  (P  <  0.05). 
Furthermore,  there  was  increased  staining  in  the  CA1  and 
CA3  regions  of  the  injured  hyperoxic  group  when  compared 
with  equivalent  regions  of  both  sham-operated  groups  ( P  < 
0.05).  In  contrast,  there  was  no  difference  in  staining  in  these 
regions  among  the  injured  normoxic  group  and  both  sham- 
operated  groups.  There  was  also  no  difference  in  the  staining 
of  the  DG  between  all  groups.  Of  note,  the  sham-operated 
hyperoxic  group  showed  increased  staining  in  all  hippocam- 
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FIGURE  45.1  Sample  photomicrographs  of  the  hippocampus 
underlying  the  injured  cortex  with  3-NT  (1:500)  staining  24 
hours  after  CCI  for  each  of  the  subject  groups:  injured  hyper¬ 
oxic,  A-C,  injured  normoxic,  D-F,  sham  hyperoxic,  G -I,  and 
sham  normoxic,  j-L  Photomicrographs  in  the  first  column,  A, 
D,  G,  and  j,  are  low-power  views  of  the  hippocampus.  The 
damaged  cortex  can  be  seen  in  both  injured  rats,  A  and  D. 
Black  boxes  indicate  the  CA1  and  CA3  regions,  which  are 
shown  to  the  right  at  40x  magnification  (CA1,  6,  E,  hi,  and  K, 
and  CA3,  C,  F,  I,  and  L).  The  injured  hyperoxic  group  showed 
the  most  intense  staining  in  the  CA1  and  CA3  regions  of  the 
hippocampus.  The  least  intense  staining  was  seen  in  the  sham- 
operated  normoxic  group.  Scale  bar  =  50  /xm. 


pal  regions  compared  with  the  sham-operated  normoxic 
group,  but  there  was  no  statistical  significance  (P  =  0.679  in 
CA1;  P  =  0.475  in  CA3;  P  =  0.271  in  DG). 

In  the  hyperoxic  group,  the  hippocampus  on  the  injured 
side  of  the  brain  demonstrated  increased  staining  when  com¬ 
pared  with  the  hippocampus  on  the  contralateral  side.  There 
was  a  mean  43.0  ±  18.7%  increase  in  CA1  and  a  mean 
86.6  ±  27.5%  increase  in  CA3.  Comparatively,  the  normoxic 
group  did  not  display  the  same  magnitude  of  increased 
staining  on  the  injured  side.  There  was  a  mean  22.6  ±  8.2% 
decrease  in  CA1  and  a  mean  21.5  ±  33.3%  increase  in  CA3. 
There  was  no  consistent  pattern  between  the  ipsilateral  and 
contralateral  hippocampal  regions  in  either  of  the  sham- 
operated  groups.  There  was  no  significant  difference  in  stain¬ 
ing  in  the  contralateral  hippocampus  among  all  four  groups. 

NeuN  Analysis 

For  delayed  immunohistochemical  analysis,  brain 
slices  through  the  hippocampus  were  obtained  from  rats  1 
week  after  exposure  to  one  of  three  different  conditions: 
injury  with  hyperoxic  resuscitation  (n  =  4),  injury  with 
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Hyperoxic  Normoxic  Hyperoxic  Normoxic 

FIGURE  45.2  Quantification  of  3-NT  (1 :500)  staining  24  hours 
after  CCI  in  regions  of  the  hippocampus  underlying  the  injured 
cortex.  Staining  area  is  quantified  for  each  high-power  field 
(40x)  in  square  micrometers.  In  the  CA1  and  CA3  regions  of 
the  hippocampus  of  the  injured  hyperoxic  group,  there  is  a 
significant  increase  in  3-NT  staining  when  compared  with 
equivalent  regions  in  the  injured  normoxic  group  and  both 
sham-operated  groups  (P  <  0.05).  *P  <  0.05  in  equivalent 
regions  of  the  other  groups. 


normoxic  resuscitation  (n  =  4),  and  sham  operation  with 
hyperoxic  resuscitation  (n  =  4).  Slices  were  stained  with  the 
NeuN  antibody  (1 : 120,000).  A  sample  photomicrograph  from 
an  injured  hyperoxic  rat  is  shown  in  Figure  4 5.3 A.  CA1  and 
CA3  regions  of  the  hippocampus  both  ipsilateral  and  con¬ 
tralateral  to  the  injury  were  analyzed  under  high-power  mag¬ 
nification  at  40  X.  There  were  two  types  of  neurons  counted: 
normal  and  abnormal.  Normal  neurons  had  the  expected 
pyramidal  shape  with  round  nuclei.  Abnormal  neurons  pos¬ 
sessed  vacuolated,  pyknotic,  or  disrupted  nuclei  that  were 
likely  damaged  cells  in  the  process  of  dying  (Fig.  45. 3B). 

Neuronal  counts  in  the  CA1  and  CA3  regions  of  the 
hippocampus  ipsilateral  to  injury  are  displayed  in  Figure 
45.4.  There  was  a  significant  reduction  in  CA1  neurons  in 
both  hyperoxic  and  normoxic  injured  rats  when  compared 
with  the  sham-operated  rats  ( P  <  0.05).  However,  there  was 
no  significant  difference  between  the  two  injured  groups.  In 
CA3,  there  was  no  significant  difference  in  neuronal  counts 
between  all  groups. 

The  ratios  between  hippocampal  neuronal  counts  on  the 
injured  side  versus  the  noninjured  side  were  determined  to 
assess  neuronal  loss  from  injury  (Fig.  45.5).  In  CA1,  there 
was  a  mean  cell  loss  of  22.3%  in  the  hyperoxic  group  and 
26.4%  in  the  normoxic  group.  In  CA3,  the  cell  loss  was  less 
appreciable,  with  a  mean  of  9.9%  in  the  hyperoxic  group  and 
4.6%  in  the  normoxic  group.  However,  there  was  no  signif¬ 
icant  difference  between  the  hyperoxic  and  normoxic  groups 
in  CA1  or  CA3. 


A 


FIGURE  45.3  Sample  photomicrographs  of  the  hippocampus 
of  an  injured  rat  with  NeuN  staining  (1 : 1 20,000)  7  days  after 
CCI.  A,  A  low-power  view  of  the  hippocampus  is  shown.  B,  a  40x 
magnification  of  the  CA3  region  is  shown.  Black  circles  indicate 
abnormal  neurons  with  vacuolated  nuclei,  which  likely  represent 
neurons  in  the  process  of  cell  death.  Scale  bar  =  50  /am. 

Abnormal  cell  counts  in  the  CA1  region  of  the  hip¬ 
pocampus  ipsilateral  to  the  injury  revealed  10.1  ±  1.4% 
abnormal  cells  in  the  hyperoxic  group  and  10.8  ±  1.1%  in  the 
normoxic  group.  In  CA3,  there  were  8.1  ±  1.1%  abnormal 
cells  in  the  hyperoxic  group  and  12.4  ±  2.1%  in  the  normoxic 
group.  In  both  CA1  and  CA3  regions,  there  was  no  significant 
difference  in  abnormal  cell  counts  between  the  hyperoxic  and 
normoxic  groups. 

DISCUSSION 

Traumatic  Brain  Injury  and 
Metabolic  Dysfunction 

Prospectively  collected  data  from  the  Traumatic  Coma 
Data  Bank  demonstrated  that  early  hypoxemia  in  the  field 
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FIGURE  45.4  Neuronal  counts  per  high-power  field  in  the  CA1 
and  CA3  regions  of  the  hippocampus  ipsilateral  to  injured 
cortex  with  NeuN  staining  7  days  after  CCI.  There  is  a  signif¬ 
icant  reduction  of  neurons  in  the  CAT  region  of  the  hippocam¬ 
pus  in  both  injured  groups  compared  with  the  sham-operated 
group  ( P  <  0.05).  However,  there  is  no  significant  difference 
between  the  hyperoxic-  and  normoxic-injured  groups.  In  CA3, 
there  is  no  significant  difference  in  cell  counts  among  groups. 


„  140 
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FIGURE  45.5  Ratio  of  neuronal  counts  of  the  ipsilateral  versus 
contralateral  hippocampus  with  NeuN  staining  7  days  after 
CCI.  There  is  cell  loss  in  the  CA1  and  CA3  regions  of  the  injured 
hippocampus  compared  with  the  contralateral  side  in  both 
injured  groups.  However,  there  is  no  significant  difference  in 
ratios  between  groups. 


after  severe  TBI  with  Pao2  <60  mm  Hg  is  associated  with  an 
increased  morbidity  and  mortality.7  Therefore,  recommenda¬ 
tions  from  the  Brain  Trauma  Foundation  are  to  oxygenate  to 
keep  02  saturation  >90%  or  Pao2  >60  mm  Hg  to  prevent 
hypoxia  and  secondary  brain  injury.615  In  practice,  ventila¬ 
tory  resuscitation  with  Fio2100%  is  routinely  used  after 


severe  traumatic  brain  injury  both  during  the  prehospital 
management  and  during  initial  resuscitation  while  in  the 
trauma  center. 

Recently,  there  have  been  clinical30’34-44  and  laborato¬ 
ry35  investigations  that  support  the  use  of  normobaric  hyper- 
oxia  as  a  therapeutic  measure  in  the  initial  treatment  of  severe 
TBI.  This  thought  emanates  from  the  fact  that  there  is  an 
increased  metabolic  demand  of  brain  tissue  after  TBI,  during 
which  there  is  a  shift  from  aerobic  to  anaerobic  metabolism, 
as  suggested  by  an  increase  in  brain  tissue  lactate.5-48  The  aim 
of  hyperoxic  ventilatory  resuscitation  is  to  restore  aerobic 
metabolism  and  to  ameliorate  the  mismatch  between  CBF 
and  metabolic  stimulation. 

In  an  experimental  model  of  TBI,  animals  resuscitated 
with  an  Fio2  100%  had  significantly  decreased  brain  lactate 
levels  compared  with  animals  resuscitated  with  Fio2  21%  as 
measured  by  microdialysis.35  In  a  clinical  study,  Menzel  et 
al.30  measured  brain  tissue  lactate  and  glucose  levels  in 
patients  who  received  Fio2  100%  for  6  hours  after  severe  TBI. 
Brain  tissue  lactate  levels  decreased  by  40%  from  baseline 
during  this  hyperoxic  period.  Tolias  et  al.44  confirmed  these 
results  in  their  multicenter  study  where  patients  with  severe 
TBI  were  given  Fio2  100%  for  24  hours,  which  resulted  in  a 
significant  decrease  in  lactate  and  glutamate  levels,  as  mea¬ 
sured  by  microdialysis,  when  compared  with  a  historical 
control  group.  Comparatively,  in  another  clinical  study  of 
severe  TBI  using  microdialysis,  Magnoni  et  al.28  found  re¬ 
duced  levels  of  lactate  with  ventilation  with  Fio2100%  and 
reduced  levels  of  pyruvate  whereby  the  lactate/pyruvate  ratio 
did  not  change.  Therefore,  they  concluded  that  hyperoxia  did 
not  change  the  redox  status  of  injured  cells,  and  thus,  there 
was  no  improvement  in  glucose  metabolism.  However,  in  the 
study  by  Tolias  et  al.,44  there  was  a  significant  decrease  in 
the  lactate/pyruvate  ratio  with  hyperoxia.  The  difference  in 
the  two  studies  is  suggested  to  be  attributable  to  the  delayed 
initiation  of  hyperoxia  in  the  Magnoni  et  al.28  study. 

Furthermore,  there  have  been  reports  about  the  benefit 
of  using  hyperbaric  oxygen  therapy  in  an  effort  to  increase 
brain  tissue  Po2  after  severe  TBI.11-36-43  Similar  to  the  use  of 
normobaric  hyperoxia,  the  therapeutic  aim  is  to  improve 
oxidative  metabolism;  however,  with  the  use  of  these  en¬ 
hanced  concentrations  of  oxygen,  there  must  be  further  con¬ 
cern  about  oxidative  damage  to  the  injured  cells. 

Stroke  and  Cardiac  Arrest 

Previous  studies  on  the  effect  of  hyperoxia  on  ischemic 
brain  injury  from  stroke  are  precursors  to  the  experiments 
described  in  this  article.  Hyperoxia  has  been  shown  to  be 
beneficial  in  experimental  models  of  focal  cerebral  isch¬ 
emia.13-40-41  One  hundred  percent  02  is  routinely  adminis¬ 
tered  to  patients  after  an  acute  stroke,  as  a  recommended 
intervention  from  the  American  Heart  Association.1  How¬ 
ever,  in  a  measure  of  patient  survival  after  acute  stroke  of 
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various  severities,  Running  et  al.37  demonstrated  that  supple¬ 
mental  100%  02  administered  to  patients  with  minor  to 
moderate  strokes  for  24  hours  reduced  survival  when  com¬ 
pared  with  those  who  did  not  receive  supplemental  oxygen. 
In  a  canine  model  of  cardiac  arrest,  dogs  resuscitated  with 
21%  02  demonstrated  lower  levels  of  oxidized  brain  lipids 
and  improved  neurological  outcome  compared  with  those 
resuscitated  with  100%  02.25  These  studies,  in  addition  to 
other  animal  studies  of  global  cerebral  ischemia,32-49  caution 
the  empiric  usage  of  100%  02  after  an  acute  stroke. 

Previously,  in  our  laboratory,  the  hypothesis  that  resus¬ 
citation  with  100%  02  after  global  cerebral  ischemia  results 
in  increased  ROS-induced  damage  was  tested  with  the  canine 
cardiac  arrest  model.  3-NT  has  been  established  as  a  marker 
for  oxidative  damage  to  proteins  after  peroxynitrite-mediated 
nitration  of  tyrosine.3-4-20-21  When  the  hippocampus  was 
stained  with  the  3-NT  antibody  2  hours  after  cardiac  arrest, 
those  animals  resuscitated  with  100%  02  showed  a  significant 
increase  in  staining  in  all  regions  of  the  hippocampus  com¬ 
pared  with  those  resuscitated  with  normoxia.46  Understanding 
that  this  model  of  global  cerebral  ischemia  has  many  differ¬ 
ences  with  models  of  TBI,  our  experiments  were  designed  to 
address  the  possibility  that  exacerbation  of  ROS-induced 
protein  damage  in  the  hippocampus  with  hyperoxia  could 
also  be  present  after  TBI. 

Oxidative  Stress 

This  study  is  consistent  with  previous  studies  in  which 
there  is  increased  production  of  ROS  after  experimental 
TBI.2-12’16-18-24-29’33  ROS,  such  as  peroxynitrite,  exhibit  tox¬ 
icity  to  the  brain  by  way  of  their  modification  of  macromol¬ 
ecules,  especially  DNA,  and  the  induction  of  apoptotic  and 
necrotic  cell  death  pathways.27  Investigators  have  described 
the  time  course  of  peroxynitrite-mediated  oxidative  damage 
to  proteins  using  the  3-NT  antibody  in  experimental  models 
of  TBI.18-31  Hall  et  al.18  showed  that  the  highest  intensity  of 
staining  was  within  the  first  48  hours  after  injury  in  the 
neuronal  perikarya  and  processes  and  microvessels.  Our  find¬ 
ings  of  significant  3-NT  immunostaining  24  hours  after  CCI 
are  consistent  with  the  findings  of  Hall  et  al.18  Those  rats  in 
our  study  with  hyperoxic  resuscitation  had  an  increased 
staining  intensity  on  the  injured  side  compared  with  the 
noninjured  side  of  43.0%  in  CA1  and  86.6%  in  CA3.  How¬ 
ever,  this  increased  staining  on  the  injured  side  was  not  as 
pronounced  in  the  normoxic  group.  Moreover,  the  total 
amount  of  staining  on  the  injured  side  in  the  normoxic  group 
was  no  different  than  in  the  sham-operated  groups.  In  con¬ 
trast,  there  was  a  significantly  increased  amount  of  staining  in 
the  injured  hippocampus  of  the  hyperoxic  group.  Our  findings 
suggest  that  normoxic  ventilatory  resuscitation  provides  sig¬ 
nificant  protection  against  oxidative  damage  to  proteins  as 
measured  at  24  hours  after  TBI  when  compared  with  hyper¬ 
oxic  ventilatory  resuscitation. 


In  addition  to  the  differences  seen  among  the  injured 
rats,  there  was  also  a  noticeable  difference  between  the 
sham-operated  groups.  Although  not  a  statistically  significant 
difference,  the  hyperoxic  sham-operated  rats  had  increased 
levels  of  3-NT  staining  in  the  hippocampus  when  compared 
with  the  normoxic  sham-operated  rats,  which  suggests  that 
hyperoxic  ventilation  alone  may  increase  levels  of  oxidative 
stress.  Similarly,  in  the  study  of  ROS  production  from  sub¬ 
dural  hematoma  induction,  Doppenberg  et  al.12  found  in¬ 
creased  levels  of  hydroxyl  radical  degradation  products  in 
noninjured  animals  after  increasing  the  Fio2  to  100%.  These 
results  support  the  hypothesis  that  in  the  presence  of  high 
oxygen  tension,  even  under  normobaric  conditions  and  in  the 
noninjured  brain,  there  is  increased  ROS  production.  These 
findings  in  sham-operated  animals  warrant  additional  caution 
with  respect  to  the  administration  of  large  concentrations  of 
ventilatory  oxygen. 

Delayed  neuronal  counts  at  1  week  after  injury  were 
consistent  with  previous  studies  using  the  CCI  model.  The 
CA1  and  CA3  regions  of  the  hippocampus  showed  apprecia¬ 
ble  cell  loss  on  the  injured  side.  In  our  analysis,  the  CA1 
region  was  affected  more  than  the  CA3  region.  These  results 
differ  from  previous  studies  using  the  CCI  model  where  the 
CA3  region  was  the  more  affected  population  of  neu¬ 
rons.  8-14-42-45  The  difference  may  be  due  to  the  parameters  of 
the  impact:  depth  of  injury  and  impact  velocity.  Our  CCI 
parameters  allowed  for  a  more  shallow  depth  and  a  higher 
impact  velocity,  which  may  have  resulted  in  an  increased 
susceptibility  of  CA1  neurons  to  cell  death.  The  appearance 
of  neurons  with  pyknotic  or  vacuolated  nuclei  in  the  hip¬ 
pocampus  on  the  side  of  injury  is  also  consistent  with  past 
studies  using  the  CCI  model.9-10  These  neurons,  which  have 
been  found  to  be  present  up  to  2  weeks  after  injury,  are  likely 
destined  to  die  by  either  necrosis  or  apoptosis. 

Studies  have  supported  the  use  of  normobaric  hyper¬ 
oxia  in  the  initial  treatment  after  TBI  because  of  the  favorable 
shift  from  anaerobic  to  aerobic  metabolism.30-34-35-44  How¬ 
ever,  our  analysis  of  neuronal  cell  loss  and  abnormal  cell 
counts  did  not  show  any  beneficial  effect  of  hyperoxic  resus¬ 
citation.  At  1  week  after  injury,  rats  that  were  ventilated  with 
Fio2  100%  for  1  hour  after  CCI  showed  no  significant 
difference  in  neuronal  loss  and  abnormal  cell  morphology 
than  those  that  were  ventilated  with  room  air.  Perhaps  a 
lengthier  period  of  hyperoxic  ventilation  after  CCI  may  have 
been  required  to  establish  a  more  favorable  environment  for 
aerobic  metabolism  in  the  injured  tissue;  however,  as  dem¬ 
onstrated  by  our  findings  with  3-NT  staining,  one  would  also 
expect  a  significantly  heightened  level  of  oxidative  damage 
with  extended  hyperoxic  ventilation.  It  is  possible  that  as  a 
consequence  of  hyperoxia,  there  are  at  least  two  major  pro¬ 
cesses,  a  shift  toward  aerobic  metabolism  and  oxidative 
damage,  both  of  which  may  affect  neuronal  survival;  there- 
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fore,  further  investigation  is  required  to  define  their  respec¬ 
tive  roles  in  delayed  neuronal  function  and  survival  after  TBI. 

Clinical  Implications 

With  early  hypoxemia  as  a  reliable  predictor  for  mor¬ 
bidity  and  mortality  after  severe  TBI,  endotracheal  intubation 
and  supplemental  oxygenation  is  indeed  a  crucial  intervention 
in  the  early  resuscitation  of  a  patient  after  severe  TBI. 
However,  when  ventilation  with  Fio2f  100%  becomes  pro¬ 
longed,  this  administration  of  normobaric  hyperoxia  then 
moves  beyond  an  early  intervention  to  become  a  deliberate 
treatment.  As  with  any  treatment,  a  dose-response  curve  and 
consideration  for  treatment  toxicity  is  essential.  In  light  of  the 
findings  by  Magnoni  et  al.28  that  demonstrate  a  lack  of 
improvement  in  cerebral  metabolism  with  hyperoxic  resusci¬ 
tation,  the  benefit  of  normobaric  hyperoxia  after  severe  TBI  is 
at  least  debatable.  Moreover,  our  finding  of  a  significant 
increase  in  oxidative  damage  to  proteins  with  just  1  hour  of 
hyperoxic  ventilation  in  an  experimental  TBI  model  demon¬ 
strates  the  potential  toxicity  of  the  purported  treatment  with 
normobaric  hyperoxia.  This  concern  for  ROS-mediated  dam¬ 
age  to  the  brain  with  hyperoxia  compounds  what  has  already 
been  established  about  oxygen  toxicity  to  the  lungs. 

In  the  prehospital  setting,  ventilatory  resuscitation  with 
100%  02  may  be  the  most  effective  method  of  avoiding  early 
hypoxemia  after  severe  TBI.  However,  if  efforts  toward 
ameliorating  ROS-mediated  damage  are  to  be  made,  this 
large  concentration  of  oxygen  can  rapidly  and  easily  be 
adjusted.  Because  pulse  oximetry  and  arterial  blood  gas 
analyses  are  routinely  monitored  for  early  hypoxemia,  the 
same  modalities  could  also  be  used  to  monitor  for  the  poten¬ 
tial  toxicity  of  hyperoxia.  These  modalities  could  be  moni¬ 
tored  with  a  predetermined  set  of  parameters  to  avoid  the 
harmful  effects  of  either  extreme  in  oxygenation.  Similar 
parameters  could  also  be  applied  to  brain  tissue  oximetry. 
Nevertheless,  further  investigation  into  hyperoxic  ventilation 
after  severe  TBI  is  required  to  establish  how  its  potential 
metabolic  benefit  and  its  potential  for  oxidative  damage 
impact  neuronal  survival  and  neurological  outcome. 

CONCLUSION 

Ventilatory  resuscitation  with  100%  02  is  routinely 
administered  after  severe  TBI  to  prevent  early  hypoxemia.  In 
addition,  the  use  of  normobaric  hyperoxia  after  severe  TBI 
has  recently  been  supported  for  the  main  therapeutic  goal  of 
shifting  from  anaerobic  metabolism  to  aerobic  metabolism  in 
the  injured  brain.  Other  investigators  have  called  into  ques¬ 
tion  this  metabolic  benefit.  Furthermore,  the  use  of  normo¬ 
baric  hyperoxia  heightens  the  concern  for  oxygen  toxicity  and 
ROS-mediated  damage  to  the  brain.  Our  results  show  that  rats 
administered  100%  02  for  1  hour  after  CCI  had  significantly 
increased  levels  of  ROS-mediated  damage  to  proteins  in  the 
CA1  and  CA3  regions  of  the  hippocampus  when  compared 


with  rats  administered  room  air.  Levels  of  ROS-mediated 
protein  nitration  in  the  normoxic  group  were  no  different  than 
those  of  noninjured  rats.  Additionally,  there  was  no  beneficial 
effect  of  hyperoxic  resuscitation  on  neuronal  survival  or 
abnormal  neuronal  morphology  1  week  after  injury.  These 
results  warrant  additional  caution  in  the  empiric  use  of 
hyperoxic  resuscitation  in  the  treatment  of  severe  TBI.  If 
future  studies  support  this  concern  for  increased  ROS-medi¬ 
ated  damage  with  hyperoxia,  then  efforts  will  need  to  be 
made  toward  early  adjustments  in  the  02  concentration  ad¬ 
ministered  during  resuscitation  after  severe  TBI. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  DAMD  17-99-1-9483 
(G.F.)  and  the  National  Institutes  of  Health  K08NS  42805 
(C.L.R.).  We  would  also  like  to  thank  Robert  E.  Rosenthal, 
M.D.,  Manda  Saraswati,  Peter  Baab,  and  Erica  Martin,  Ph.D., 
for  work  that  was  instrumental  in  the  completion  of  this 
project. 

REFERENCES 

1 .  Adams  HP  Jr,  Brott  TG,  Crowell  RM,  Furlan  AJ,  Gomez  CR,  Grotta  J, 
Helgason  CM,  Marler  JR,  Woolson  RF,  Zivin  JA:  Guidelines  for  the 
management  of  patients  with  acute  ischemic  stroke:  A  statement  for 
healthcare  professionals  from  a  special  writing  group  of  the  Stroke 
Council,  American  Heart  Association.  Stroke  25:1901-1914,  1994. 

2.  Althaus  JS,  Andrus  PK,  Williams  CM,  VonVoigtlander  PF,  Cazers  AR, 
Hall  ED:  The  use  of  salicylate  hydroxylation  to  detect  hydroxyl  radical 
generation  in  ischemic  and  traumatic  brain  injury:  Reversal  by  tirilazad 
mesylate  (U-74006F).  Mol  Chem  Neuropathol  20:147-162,  1993. 

3.  Beckman  JS,  Carson  M,  Smith  CD,  Koppenol  WH:  ALS,  SOD  and 
peroxynitrite.  Nature  364:584,  1993. 

4.  Beckman  JS,  Koppenol  WH.  Nitric  oxide,  superoxide,  and  peroxynitrite: 
The  good,  the  bad,  and  ugly.  Am  J  Physiol  271:C1424-C1436,  1996. 

5.  Bergsneider  M,  Hovda  DA,  Shalmon  E,  Kelly  DF,  Vespa  PM,  Martin 
NA,  Phelps  ME,  McArthur  DL,  Caron  MJ,  Kraus  JF,  Becker  DP: 
Cerebral  hyperglycolysis  following  severe  traumatic  brain  injury  in 
humans:  a  positron  emission  tomography  study.  J  Neurosurg  86:24 1— 
251,  1997. 

6.  The  Brain  Trauma  Foundation,  The  American  Association  of  Neurolog¬ 
ical  Surgeons,  The  Joint  Section  on  Neurotrauma  and  Critical  Care: 
Guidelines  for  the  management  of  severe  traumatic  brain  injury:  Resus¬ 
citation  of  blood  pressure  and  oxygenation.  J  Neurotrauma  17:471 — 
478,  2000. 

7.  Chesnut  RM,  Marshall  LF,  Klauber  MR,  Blunt  BA,  Baldwin  N,  Eisen- 
berg  HM,  Jane  JA,  Marmarou  A,  Foulkes  MA:  The  role  of  secondary 
brain  injury  in  determining  outcome  from  severe  head  injury.  J  Trauma 
34:216-222,  1993. 

8.  Clark  RS,  Kochanek  PM,  Dixon  CE,  Chen  M,  Marion  DW,  Heineman 
S,  DeKosky  ST,  Graham  SH:  Early  neuropathologic  effects  of  mild  or 
moderate  hypoxemia  after  controlled  cortical  impact  injury  in  rats. 
J  Neurotrauma  14:179-189,  1997. 

9.  Colicos  MA,  Dash  PK:  Apoptotic  morphology  of  dentate  gyrus  granule 
cells  following  experimental  cortical  impact  injury  in  rats:  possible  role 
in  spatial  memory  deficits.  Brain  Res  739:120-131,  1996. 

10.  Colicos  MA,  Dixon  CE,  Dash  PK:  Delayed,  selective  neuronal  death 
following  experimental  cortical  impact  injury  in  rats:  possible  role  in 
memory  deficits.  Brain  Res  739:111-119,  1996. 

11.  Daugherty  WP,  Levasseur  JE,  Sun  D,  Rockswold  GL,  Bullock  MR: 
Effects  of  hyperbaric  oxygen  therapy  on  cerebral  oxygenation  and 
mitochondrial  function  following  moderate  lateral  fluid-percussion  in¬ 
jury  in  rats.  J  Neurosurg  101:499-504,  2004. 

12.  Doppenberg  EM,  Rice  MR,  Di  X,  Young  HF,  Woodward  JJ,  Bullock  R: 


8 


©  2005  Lippincott  Williams  &  Wilkins 


balt5/cnb-cns/cnb-cns/cnb001 05/cnb01 30-05a 

thistled 

S=8 

8/15/05 

7:53 

Art:  ???? 

Input-tlm(v) 

Clinical  Neurosurgery  •  Volume  52,  2005Synthes  Award  for  Resident  Research  on  Brain  and  Craniofacial  Injury:  Normoxic  Ventilatory 
Resuscitation  After  Controlled  Cortical  Impact  Reduces  Peroxynitrite-Mediated  Protein  Nitration  in  the  Hippocampus 


Increased  free  radical  production  due  to  subdural  hematoma  in  the  rat: 
effect  of  increased  inspired  oxygen  fraction.  J  Neurotrauma  1 5:337— 
347,  1998. 

13.  Flynn  EP,  Auer  RN:  Eubaric  hyperoxemia  and  experimental  cerebral 
infarction.  Ann  Neurol  52:566-572,  2002. 

14.  Forbes  ML,  Clark  RS,  Dixon  CE,  Graham  SH,  Marion  DW,  DeKosky 
ST,  Schiding  JK,  Kochanek  PM:  Augmented  neuronal  death  in  CA3 
hippocampus  following  hyperventilation  early  after  controlled  cortical 
impact.  J  Neurosurg  88:549-556,  1998. 

15.  Gabriel  EJ,  Ghajar  J,  Jagoda  A,  Pons  PT,  Scalea  T,  Walters  BC,  Brain 
Trauma  Foundation:  Guidelines  for  prehospital  management  of  trau¬ 
matic  brain  injury.  J  Neurotrauma  19:111-174,  2002. 

16.  Globus  MY,  Alonso  O,  Dietrich  WD,  Busto  R,  Ginsberg  MD:  Glutamate 
release  and  free  radical  production  following  brain  injury:  effects  of 
posttraumatic  hypothermia.  J  Neurochem  65:1704-1711,  1995. 

17.  Hall  ED,  Andrus  PK,  Yonkers  PA:  Brain  hydroxyl  radical  generation  in 
acute  experimental  head  injury.  J  Neurochem  60:588-594,  1993. 

18.  Hall  ED,  Detloff  MR,  Johnson  K,  Kupina  NC:  Peroxynitrite-mediated 
protein  nitration  and  lipid  peroxidation  in  a  mouse  model  of  traumatic 
brain  injury.  J  Neurotrauma  21:9-20,  2004. 

19.  Hoffman  GE,  Smith  MS,  Fitzsimmons  MD:  Detecting  steroidal  effects 
on  immediate  early  gene  expression  in  the  hypothalamus.  Neuroproto¬ 
cols  1:52-66,  1992. 

20.  Ischiropoulos  H:  Biological  tyrosine  nitration:  a  pathophysiological 
function  of  nitric  oxide  and  reactive  oxygen  species.  Arch  Biochem 
Biophys  356:1-11,  1998. 

21 .  Ischiropoulos  H,  Zhu  L,  Chen  J,  Tsai  M,  Martin  JC,  Smith  CD,  Beckman 
JS:  Peroxynitrite-mediated  tyrosine  nitration  catalyzed  by  superoxide 
dismutase.  Arch  Biochem  Biophys  298:431-437,  1992. 

22.  Jackson  RM:  Molecular,  pharmacologic,  and  clinical  aspects  of  oxygen- 
induced  lung  injury.  Clin  Chest  Med  11:73-86,  1990. 

23.  Jacobson  I,  Harper  AM,  McDowall  DG:  The  effects  of  oxygen  at  1  and 
2  atmospheres  on  the  blood  flow  and  oxygen  uptake  of  the  cerebral 
cortex.  Surg  Gynecol  Obstet  119:737-742,  1964 

24.  Kwon  TH,  Chao  DL,  Malloy  K,  Sun  D,  Alessandri  B,  Bullock  MR: 
Tempol,  a  novel  stable  nitroxide,  reduces  brain  damage  and  free  radical 
production,  after  acute  subdural  hematoma  in  the  rat.  J  Neurotrauma 
20:337-345,  2003. 

25.  Liu  Y,  Rosenthal  RE,  Haywood  Y,  Miljkovic-Lolic  M,  Vanderhoek  JY, 
Fiskum  G:  Normoxic  ventilation  after  cardiac  arrest  reduces  oxidation  of 
brain  lipids  and  improves  neurological  outcome.  Stroke  29:1679-1686, 

1998. 

26.  Lorch  S,  Lightfoot  R,  Ohshima  H,  Virag  L,  Chen  Q,  Hertkom  C,  Weiss 
M,  Souza  J,  Ischiropoulos  H,  Yermilov  V,  Pignatelli  B,  Masuda  M, 
Szabo  C:  Detection  of  peroxynitrite-induced  protein  and  DNA  modifi¬ 
cations.  Methods  Mol  Biol  196:247-275,  2002. 

27.  Love  S:  Oxidative  stress  in  brain  ischemia.  Brain  Pathol  9:119-131, 

1999. 

28.  Magnoni  S,  Ghisoni  L,  Locatelli  M,  Caimi  M,  Colombo  A,  Valeriani  V, 
Stocchetti  N :  Lack  of  improvement  in  cerebral  metabolism  after  hyper- 
oxia  in  severe  head  injury:  a  microdialysis  study.  J  Neurosurg  98:952- 
958,  2003. 

29.  Marklund  N,  Lewander  T,  Clausen  F,  Hillered  L:  Effects  of  the  nitrone 
radical  scavengers  PBN  and  S-PBN  on  in  vivo  trapping  of  reactive 
oxygen  species  after  traumatic  brain  injuiy  in  rats.  J  Cereb  Blood  Flow 
Metab  21:1259-1267,  2001. 

30.  Menzel  M,  Doppenberg  EM,  Zauner  A,  Soukup  J,  Reinert  MM,  Bullock 
R:  Increased  inspired  oxygen  concentration  as  a  factor  in  improved  brain 
tissue  oxygenation  and  tissue  lactate  levels  after  severe  human  head 
injury.  J  Neurosurg  91:1-10,  1999. 

31.  Mesenge  C,  Charriaut-Marlangue  C,  Verrecchia  C,  Allix  M,  Boulu  RR, 
Plotkine  M:  Reduction  of  tyrosine  nitration  after  N(omega)-nitro-L- 
arginine-methyl  ester  treatment  of  mice  with  traumatic  brain  injury.  Eur 
J  Pharmacol  353:53-57,  1998. 

32.  Mickel  HS,  Vaishnav  YN,  Kempski  O,  von  Lubitz  D,  Weiss  JF, 
Feuerstein  G:  Breathing  100%  oxygen  after  global  brain  ischemia  in 


Mongolian  Gerbils  results  in  increased  lipid  peroxidation  and  increased 
mortality.  Stroke  18:426-430,  1987. 

33.  Nakamura  H,  Uzura  M,  Uchida  K,  Nakayama  H,  Furuya  Y,  Hayashi  T, 

Sekino  H,  Ominato  M,  Owada  S:  Effects  of  edaravone  on  experimental 
brain  injury  in  view  of  free  radical  reaction.  Acta  Neurochir  Suppl 
86:309-311,  2003. 

34.  Reinert  M,  Barth  A,  Rothen  HU,  Schaller  B,  Takala  J,  Seiler  RW: 

Effects  of  cerebral  perfusion  pressure  and  increased  fraction  of  inspired 
oxygen  on  brain  tissue  oxygen,  lactate  and  glucose  in  patients  with 
severe  head  injury.  Acta  Neurochir  (Wien)  145:341-349,  2003. 

35.  Reinert  M,  Schaller  B,  Widmer  HR,  Seiler  R,  Bullock  R:  Influence  of 
oxygen  therapy  on  glucose-lactate  metabolism  after  diffuse  brain  injury. 

J  Neurosurg  101:323-329,  2004. 

36.  Rockswold  GL,  Ford  SE,  Anderson  DC,  Bergman  TA,  Sherman  RE: 

Results  of  a  prospective  randomized  trial  for  treatment  of  severely 
brain-injured  patients  with  hyperbaric  oxygen.  J  Neurosurg  76:929- 
934,  1992. 

37.  Ronning  OM,  Guldvog  B:  Should  stroke  victims  routinely  receive 
supplemental  oxygen?  A  quasi-randomized  controlled  trial.  Stroke  30: 
2033-2037,  1999. 

38.  Rossi  S,  Stocchetti  N,  Longhi  L,  Balestreri  M,  Spagnoli  D,  Zanier  ER, 

Bellinzona  G:  Brain  oxygen  tension,  oxygen  supply,  and  oxygen  con¬ 
sumption  during  arterial  hyperoxia  in  a  model  of  progressive  cerebral 
ischemia.  J  Neurotrauma  18:163-174,  2001.  AQ:  A 

39.  Singer  MM,  Wright  F,  Stanley  LK,  Roe  BB,  Hamilton  WK:  Oxygen 
toxicity  in  man:  A  prospective  study  in  patients  after  open-heart  surgery. 

N  Engl  J  Med  283:1473-1478,  1970. 

40.  Singhal  AB,  Dijkhuizen  RM,  Rosen  BR,  Lo  EH:  Normobaric  hyperoxia 
reduces  MRI  diffusion  abnormalities  and  infarct  size  in  experimental 
stroke.  Neurology  58:945-952,  2002. 

41.  Singhal  AB,  Wang  X,  Sumii  T,  Mori  T,  Lo  EH:  Effects  of  normobaric 
hyperoxia  in  a  rat  model  of  focal  cerebral  ischemia-reperfusion.  J  Cereb 
Blood  Flow  Metab  22:861-868,  2002. 

42.  Smith  DH,  Soares  HD,  Pierce  JS,  Perlman  KG,  Saatman  KE,  Meaney 
DF,  Dixon  CE,  McIntosh  TK:  A  model  of  parasagittal  controlled  cortical 
impact  in  the  mouse:  Cognitive  and  histopathologic  effects.  J  Neuro¬ 
trauma  12:169-178,  1995. 

43.  Sukoff  MH:  Effects  of  hyperbaric  oxygenation.  J  Neurosurg  95:544- 
546,2001. 

44.  Tolias  CM,  Reinert  M,  Seiler  R,  Gilman  C,  Scharf  A,  Bullock  MR: 
Normobaric  hyperoxia-induced  improvement  in  cerebral  metabolism 
and  reduction  in  intracranial  pressure  in  patients  with  severe  head  injury: 

A  prospective  historical  cohort-matched  study.  J  Neurosurg  101:435— 

444,  2004. 

45.  Varma  MR,  Dixon  CE,  Jackson  EK,  Peters  GW,  Melick  JA,  Griffith  RP, 

Vagni  VA,  Clark  RS,  Jenkins  LW,  Kochanek  PM:  Administration  of 
adenosine  receptor  agonists  or  antagonists  after  controlled  cortical  im¬ 
pact  in  mice:  Effects  on  function  and  histopathology.  Brain  Res  951: 

191-201,  2002. 

46.  Vereczki  V,  Martin  E,  Rosenthal  RE,  Hof  PR,  Sherwood  CC,  Chino- 
poulos  C,  Hu  W,  Hoffman  GE,  Fiskum  G:  Normoxic  versus  hyperoxic 
ventilation  after  cardiac  arrest:  Hippocampal  protein  nitration,  pyruvate 
dehydrogenase  immunoreactivity,  and  cell  death.  Program  No.  739.8. 

2003  Abstract  Viewer/Itinerary  Planner.  Washington,  DC,  Society  for 
Neuroscience,  2003.  Online  (abstr). 

47.  Watson  RE  Jr,  Wiegand  SJ,  Clough  RW,  Hoffman  GE:  Use  of  cryopro- 
tectant  to  maintain  long-term  peptide  immunoreactivity  and  tissue  mor¬ 
phology.  Peptides  7:155-159,  1986. 

48.  Yoshino  A,  Hovda  DA,  Kawamata  T,  Katayama  Y,  Becker  DP:  Dy¬ 
namic  changes  in  local  cerebral  glucose  utilization  following  cerebral 
conclusion  in  rats:  Evidence  of  a  hyper-  and  subsequent  hypometabolic 
state.  Brain  Res  561:106-119,  1991. 

49.  Zwemer  CF,  Whitesall  SE,  D’Alecy  LG:  Cardiopulmonary-cerebral 
resuscitation  with  100%  oxygen  exacerbates  neurological  dysfunction 
following  nine  minutes  of  normothermic  cardiac  arrest  in  dogs.  Resus¬ 
citation  27:159-170,  1994. 


©  2005  Lippincott  Williams  &  Wilkins 


9 


JOBNAME:  AUTHOR  QUERIES  PAGE:  1  SESS:  5  OUTPUT:  Sat  Aug  13  08:05:13  2005 
/balt5  /  cnb  -  cns  /  cnb  -  cns  /  cnbOO  105/  cnbO 1 30  -  05a 


AUTHOR  QUERIES 


AUTHOR  PLEASE  ANSWER  ALL  QUERIES 


1 


A — AU:  Reference  number  39  was  skipped;  thus,  references  have  been  renumbered 


Journal  of  Bioenergetics  and  Biomembranes,  Vol.  37,  No.  4,  August  2005  (©  2005 ) 
DOI:  10. 1007/s  10863-005-6634-0 


Diacylglycerols  Activate  Mitochondrial  Cationic 
Channel(s)  and  Release  Sequestered  Ca2+ 


Christos  Chinopoulos,1  Anatoly  A.  Starkov,2  Sergey  Grigoriev,3  Laurent  M.  Dejean,3 
Kathleen  W.  Kinnally,3  Xibao  Liu,4 5  Indu  S.  Ambudkar,4  and  Gary  Fiskum1,5 


Received  May  18,  2005:  accepted  May  31,  2005 


Mitochondria  contribute  to  cytosolic  Ca2+  homeostasis  through  several  uptake  and  release  pathways. 
Here  we  report  that  1 ,2-sn-diacylglycerols  (DAGs)  induce  Ca2+  release  from  Ca2+-loaded  mammalian 
mitochondria.  Release  is  not  mediated  by  the  uniporter  or  the  Na+/Ca2+  exchanger,  nor  is  it  attributed 
to  putative  catabolites.  DAGs-induced  Ca2+  efflux  is  biphasic.  Initial  release  is  rapid  and  transient, 
insensitive  to  permeability  transition  inhibitors,  and  not  accompanied  by  mitochondrial  swelling. 
Following  initial  rapid  release  of  Ca2+  and  relatively  slow  reuptake,  a  secondary  progressive  release  of 
Ca2+  occurs,  associated  with  swelling,  and  mitigated  by  permeability  transition  inhibitors.  The  initial 
peak  of  DAGs-induced  Ca2+  efflux  is  abolished  by  La3+  (1  raM)  and  potentiated  by  protein  kinase  C 
inhibitors.  Phorbol  esters,  1,3-diacylglycerols  and  1-monoacylglycerols  do  not  induce  mitochondrial 
Ca2+  efflux.  Ca2+-loaded  mitoplasts  devoid  of  outer  mitochondrial  membrane  also  exhibit  DAGs- 
induced  Ca2+  release,  indicating  that  this  mechanism  resides  at  the  inner  mitochondrial  membrane. 
Patch  clamping  brain  mitoplasts  reveal  DAGs-induced  slightly  cation-selective  channel  activity  that  is 
insensitive  to  bongkrekic  acid  and  abolished  by  La3+.  The  presence  of  a  second  messenger- sensitive 
Ca2+  release  mechanism  in  mitochondria  could  have  an  important  impact  on  intracellular  Ca2+ 
homeostasis. 


KEY  WORDS:  Mitochondria;  calcium;  diacylglycerol;  mitoplast;  cation  channel;  permeability  transition  pore; 
protein  kinase  C;  transient  receptor  potential;  OAG. 


INTRODUCTION 

A  plethora  of  cellular  signaling  cascades  converge 
to  the  production  of  diacylglycerols  (DAGs),  leading  to 
the  activation  of  various  target  proteins  regulating  cellular 
processes  of  extraordinary  diversity  (Brose  et  al.,  2004). 
Depending  on  the  identity  of  the  stimulated  receptor,  dif- 
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ferent  PLC  isoforms  are  activated  resulting  in  the  im¬ 
mediate  formation  of  DAG  from  inositol  phospholipids, 
most  rapidly  from  Pl-4,5-bisphosphate  (PIP2).  This  DAG 
molecule  disappears  quickly;  however,  a  second  wave  of 
DAG  emerges  with  a  relatively  slow  onset  persisting  for 
minutes  or  hours.  This  latent  increase  in  DAG  is  partially 
attributed  to  the  subsequent  action  of  phospholipase  D 
(PLD)  on  phosphatidylcholine  (PC)  to  yield  phosphati- 
date  plus  choline  followed  by  phosphatidate  phosphatase 
generating  DAG  and  orthophosphate  (Nishizuka,  1992, 


Abbreviations  used :  1,2-DGs,  1 ,2-Diacylglycerols;  1,3-DGs, 

1,3 -Diacylglycerols;  2-MGs,  2-Monoacylglycerols;  1-MGs,  1- 
Monoacylglycerols;  ALM,  Alamethicin;  BKA,  Bongkrekic  acid; 
Cys  A,  Cyclosporin  A;  PTP,  Permeability  Transition  Pore;  OAG, 
1-oleoyl-acetyl-sn-glycerol;  DOL,  1 ,2-Dioleoylglycerol  (18:1);  DDC, 
1 ,2-Didecanoylglycerol  (10:0);  SAG,  l-stearoyl-2-arachidonoyl- 
sn-glycerol;  DOG,  1 ,2-Dioctanoyl-sn-glycerol  (8:0);  HDAG, 
l-O-Hexadecyl-2-arachidonoyl-sn-glycerol. 
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1995).  An  additional  pathway  contributing  to  this  la¬ 
tency  is  substantiated  by  the  slow  degradation  of  DAG 
by  DAG  lipase;  this  DAG  is  produced  from  PC  hydrolysis 
by  phosphatidylcholine-specific  phospholipase  C  and  is 
a  poor  substrate  for  the  fast-acting  enzyme  DAG  kinase 
(Ford  and  Gross,  1990;  Lee  et  al.,  1991).  DAG  kinase 
rapidly  catabolizes  DAG  produced  from  phosphatidyli- 
nositol  hydrolysis  converting  it  to  phosphatidate  at  the 
expense  of  ATP  (Florin-Christensen  et  al.,  1992). 

Downstream  effects  of  DAGs  are  commonly 
attributed  to  activation  of  PKCs.  There  are,  however,  ad¬ 
ditional  important  targets  of  DAGs  including  protein  ki¬ 
nase  D  (PKD),  DAG  kinases  a,  ft,  and  y,  RasGRPs,  chi- 
maerins,  Muncl3s,  and  channels  of  the  transient  receptor 
potential  (TRP)  family,  namely  TRPC3,  6,  and  7  (Brose 
et  al. ,  2004;  Brose  and  Rosenmund,  2002;  Hofmann  et  al. , 
1999;  Kazanietz,  2002;  Okada  et  al.,  1999;  Yang  and 
Kazanietz,  2003). 

Upon  PIP2  hydrolysis,  DAGs  are  formed  in  a 
membrane-delimited  manner  both  on  the  plasma  mem¬ 
brane  and  on  intracellular  membranes  (Irvine,  2002; 
Panagia  et  al.,  1991;  Rebecchi  and  Pentyala,  2000),  serv¬ 
ing  as  hydrophobic  anchors  to  recruit  their  targets  to  the 
membrane  (Brose  et  al.,  2004).  The  other  product,  IP3, 
diffuses  in  the  cytosol  to  activate  IP3  receptors  on  the  ER 
releasing  Ca2+  to  the  cytoplasm  followed  by  triggering  of 
Ca2+  influx  from  the  extracellular  space  (Mikoshiba  and 
Hattori,  2000).  Within  the  context  of  intracellular  Ca2+ 
homeostasis,  mechanisms  and  effectors  downstream  of 
the  IP3  signaling  pathway  received  the  vast  majority  of 
attention,  culminating  in  a  spark  of  interest  on  the  so- 
called  “store-operated  Ca2+  entry”  (SOCE)  (Nilius,  2004; 
Penner  and  Fleig,  2004;  Venkatachalam  et  al.,  2002). 
SOCE  is  a  process  whereby  the  depletion  of  intracellular 
Ca2+  stores  (likely  ER  or  SR)  activates  plasma  membrane 
Ca2+  permeable  channels  (Putney,  1986).  Members  of  the 
TRP  family  are  candidates  for  SOCE;  however,  unequiv¬ 
ocal  evidence  demonstrating  that  TRP  channels  account 
for  this  phenomenon  is  yet  to  be  reported  (Clapham,  2003; 
Nilius,  2004).  Conversely,  it  has  been  shown  that  at  least 
three  members  of  the  TRP  family  are  activated  by  DAGs 
but  not  through  PKC  (Clapham  et  al.,  2003).  These  chan¬ 
nels  (TRPC3,  6,  and  7)  do  not  possess  the  DAG-binding 
Cl  domain  (Gudermann  et  al.,  2004),  while  TRPC3  plus 
two  additional  TRP  channels,  TRPC4  and  TRPC5,  are 
inhibited  upon  activation  of  PKC  (Venkatachalam  et  al., 
2003). 

Enzymes  and  macromolecules  participating  in  the 
formation  of  DAGs  have  been  reported  to  reside  or 
translocate  to  mitochondria.  PIP2  is  found  in  mitochon¬ 
dria  (Watt  et  al.,  2002)  and  a  brain-specific  isomer  may 
exist  (Bothmer  et  al.,  1992);  PLC<5  is  found  in  mitochon¬ 


dria  from  liver  (Knox  et  al.,  2004),  yeast  (Vaena  de  et  al., 
2004),  and  kidney  (Nishihira  and  Ishibashi,  1986).  PLD 
and  phosphatidate  phosphatase  exist  in  intestinal  and  my¬ 
ocardial  mitochondria  (Freeman  and  Mangiapane,  1989; 
Liscovitch  et  al.,  1999).  The  same  is  true  for  DAG  targets: 
mitochondrial  translocation  of  PKC5  is  a  critical  proapop- 
totic  event  in  cardiac  responses  following  ischemia  and 
reperfusion  (Murriel  et  al.,  2004),  as  well  as  in  phor- 
bol  ester-induced  apoptosis  in  human  myeloid  leukemia 
cells  (Majumder  et  al.,  2000)  and  keratinocytes  (Li  et  al., 
1999).  An  alternative  isoform  PKCe,  confers  beneficial 
effects  upon  translocation  to  mitochondria  by  inhibiting 
the  permeability  transition  (Baines  et  al.,  2003),  while 
others,  such  as  PKCa,  phosphorylate  mitochondrial  Bcl- 
2  suppressing  apoptosis  (Ruvolo  et  al.,  1998)  or  promote 
cardioprotection  at  least  partially  due  to  modulation  of 
mitochondrial  K+atp  channels  (Korge  et  al.,  2002;  Sato 
et  al.,  1998).  With  the  exception  of  mitochondrial  PKD 
(Storz  et  al.,  2000),  the  presence  of  other  non-PKC  targets 
of  DAG  has  not  been  reported. 

Based  on  the  involvement  of  DAGs  on  multiple  mi¬ 
tochondrial  functions,  we  tested  the  hypothesis  that  this 
second  messenger  affects  mitochondrial  Ca2+  handling. 
We  show  that  DAGs  release  Ca2+  from  Ca2+ -loaded  mi¬ 
tochondria  in  conjunction  with  activation  of  novel  chan- 
nel(s)  present  on  the  inner  mitochondrial  membrane. 

MATERIALS  AND  METHODS 
Isolation  of  Mitochondria 

All  animal  procedures  were  carried  out  according 
to  the  National  Institutes  of  Health  and  the  University 
of  Maryland,  Baltimore  animal  care  and  use  committee 
guidelines.  Adult  male  Sprague-Dawley  rats  and  C57BL/6 
mice  were  used.  Nonsynaptic  adult  rat  brain  mitochondria 
were  isolated  on  a  Percoll  gradient  exactly  as  described 
previously  (Chinopoulos  et  al.,  2003).  Mouse  heart,  kid¬ 
ney,  and  liver  mitochondria  were  prepared  as  described 
previously  (Starkov  and  Fiskum,  2001).  Mitochondria 
from  sweet  potato  (. Ipomoea  batatas)  were  isolated  as 
detailed  previously  (Chen  and  Lehninger,  1973). 

Mitochondrial  Ca2+  Uptake 
in  Mammalian  Mitochondria 

Rat  Brain 

Mitochondrial  or  mitoplast-dependent  (0.275 
mg/mL)  removal  of  medium  Ca2+  was  followed  using 
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the  impermeant  pentapotassium  salt  of  the  ratiometric 
dye  Fura  6F  (Molecular  Probes,  Portland,  OR,  USA) 
as  previously  described  in  a  KCl-based  medium  con¬ 
taining  malate  plus  glutamate  as  respiratory  substrates 
(Chinopoulos  et  al.,  2003).  All  experiments  were 
performed  at  37°C. 


Rat  Liver 

The  experiments  were  conducted  as  for  rat  brain  mi¬ 
tochondria,  with  the  exception  that  these  mitochondria 
(0.5  mg/ml)  were  suspended  in  250  mM  sucrose,  20  mM 
Flepes,  2mM  KH2PO4,  1  mM  MgCl2,  5mM  succinate, 
1  pM  rotenone,  1  mg/ml  bovine  serum  albumin  (BSA, 
fatty  acid-free),  pH  7.2. 


Mouse  Heart  and  Kidney 

These  experiments  were  performed  similar  to  the 
ones  for  rat  brain,  but  at  room  temperature  (~23°C), 
the  fluorescent  dye  used  was  the  hexapotassium  salt  of 
Calcium  Green-5N  (200  nM,  K,\  =  4.3  //  M )  (Rajdev  and 
Reynolds,  1993),  and  the  mitochondria  (0.25mg/mL) 
were  suspended  in  225  mM  mannitol,  75  mM  sucrose, 
2mM  KH2P04  5  mM  HEPES,  0.2mg/mL  BSA  (fatty 
acid-free)  5  mM  glutamate,  5  mM  malate,  pH  7.4. 

Mitochondrial  Ca2+  Uptake  in  Sweet 
Potato  Mitochondria 

1  mg/mL  of  mitochondria  was  used;  the  experimen¬ 
tal  conditions  were  similar  to  those  for  mammalian  mito¬ 
chondria  but  performed  at  room  temperature  (~23°C)  in 
300  mM  mannitol,  10mMHepes,2mMKH2PO4, 10  mM 
succinate,  0.5  mM  ADP,  2mM  ATP,  plus  1  mg/mL  BSA 
(fatty  acid-free),  pH  7.4. 


Preparation  of  Mitoplasts  From  Rat  Brain 
Mitochondria  for  Ca2+  Uptake  Studies 

Mitoplasts  were  prepared  as  described  previously 
(Schnaitman  et  al.,  1967),  with  minor  modifications:  Upon 
isolation  of  mitochondria,  protein  determination  was  per¬ 
formed  (Biuret);  afterwards,  450-500  pL  of  20  mg/mL 
mitochondria  were  suspended  in  2.5  mL  of  buffer  “A” 
containing  10  mM  TRIS  and  2mM  MgCl2,  pH  =  7.8  for 
20  min  in  ice  while  shaking.  Subsequently,  3  mL  of  1 .8  M 
Sucrose  plus  2  mM  MgCE  was  added  and  left  in  ice  while 


shaking  for  an  additional  20  min.  Next,  12mL  of  buffer 
A  plus  45  pg  of  digitonin  (>99%  pure)  was  added  to 
the  suspension  and  left  in  ice  while  shaking  for  15  min. 
At  the  end  of  this  step,  the  suspension  was  diluted  5-fold 
with  buffer  “B”  containing:  225  mM  mannitol,  75  mM  su¬ 
crose,  5  mM  Hepes,  1  mM  EGTA,  0.5  mg/mL  BSA  (fatty 
acid-free),  pH  =  7.4,  and  were  centrifuged  at  12,  000  x  g 
for  10  min.  This  centrifugation  step  was  repeated  once, 
and  the  resulting  pellet  was  suspended  in  buffer  B  with¬ 
out  EGTA.  To  evaluate  the  efficiency  of  the  removal 
of  the  outer  mitochondrial  membranes,  mitoplasts  were 
tested  for  the  presence  of  adenylate  kinase,  as  described 
previously  (Schmidt  et  al.,  1984);  >95%  of  adenylate 
kinase  activity  was  lost  with  this  method.  These  mito¬ 
plasts  retained  a  respiratory  control  ratio  of  5  ±  1  over 
a  period  of  45  min  (in  the  presence  of  externally  added 
cyt  c). 

Preparation  of  Mitoplasts  From  Rat  Brain 
Mitochondria  for  Patch  Clamp  Studies 

Upon  isolation  of  mitochondria,  the  organelles  were 
suspended  in  a  hypertonic  buffer  consisting  of  460  mM 
Mannitol,  140  mM  Sucrose,  10  mM  HEPES,  pH  7.4  for 
10  min.  Subsequently,  they  were  subjected  to  1500  psi 
with  a  French  press  (American  Instruments  Company, 
Silver  Springs,  MD,  USA).  The  suspension  was  di¬ 
luted  with  2  volumes  of  230  mM  Mannitol,  70  mM  Su¬ 
crose,  5  mM  HEPES,  pH  7.4.  Mitoplasts  were  pelleted  at 
12,  000  x  g  for  10  min  and  resuspended  in  100  ph  of  the 
same  buffer. 

Oxygen  Consumption 

Mitochondrial  respiration  was  recorded  at  37°C  with 
a  Clark-type  oxygen  electrode  (Hansatech,  UK)  as  de¬ 
scribed  previously  (Chinopoulos  et  al.,  2003). 

Mitochondrial  Swelling 

Swelling  of  isolated  liver  mitochondria  was  as¬ 
sessed  by  measuring  light  scatter  at  540  nm  (37°C)  in  a 
Beckman  Coulter  DU  7500  spectrophotometer  (Fullerton, 
CA,  USA)  as  detailed  previously  (Bernardi  et  al.,  1992). 

Patch  Clamp  of  Rat  Brain  Mitoplasts 

Membrane  patches  were  excised  from  rat  brain  mi¬ 
toplasts  after  formation  of  a  giga-seal  (2-5  G£2)  using 
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glass  electrodes  made  of  borosilicate  and  resistances  of 
10-30  MfL  The  solution  in  the  electrodes  and  bath  was 
150  mM  KC1,  5mM  HEPES,  pH  7.4.  This  buffer  con¬ 
tained  10  fiM  free  Ca2+.  Experiments  were  carried  out 
at  room  temperature  (~23°C).  Voltage  clamp  was  es¬ 
tablished  with  the  inside-out  excised  configuration  and 
currents  were  amplified  using  an  Axopatch  200  amplifier 
(Union  city,  CA,  USA).  Current  traces  were  sampled  at 
5  kHz  with  2  kHz  filtration  and  analyzed  with  WinEDR 
version  v2.4.3  program  (Strathclyde  Electrophysiological 
Software  courtesy  of  J.  Dempster,  Univ.  of  Strathelyde, 
UK).  Ion  selectivity  was  measured  by  a  1:5  gradient  by 
perfusion  of  the  bath  with  30  mM  KC1, 1 84  mM  mannitol, 
56  mM  sucrose,  5  mM  HEPES,  pH  7.4. 

Reagents 

Standard  laboratory  chemicals  were  from  Sigma. 
2-APB  (Sigma),  CGP  37157  (Calbiochem),  cyclosporin 
A  (Sigma),  bongkrekic  acid  (Calbiochem),  alamethicin 
(Sigma),  BSA  (Sigma),  Digitonin  (Spectrum,  New 
Brunswick,  NJ,  USA),  PMA  (Sigma),  RHC  80267  (Cal¬ 
biochem),  DAG  kinase  inhibitor  II  (Sigma),  all  PKC  in¬ 
hibitors  (Calbiochem,  PKC  inhibitor  set),  all  1,2-DGs  and 
MGs  were  from  Sigma  or  Biomol,  all  1,3-DGs  were  from 
ICN  Biomedicals  (Aurora,  OH,  USA). 

RESULTS 

Release  of  Sequestered  Ca2+  in  Mammalian  but  Not 
Sweet  Potato  Mitochondria  by  OAG 

Ca2+ -loaded  mitochondria  from  rat  brain  (Fig.  1(A)), 
mouse  kidney  (Fig.  1(B)),  mouse  heart  (Fig.  1(C)),  and 
rat  liver  (Fig.  1(E))  release  Ca2+  upon  exposure  to  the 
putative,  cell-permeable  diacylglycerol  analogue,  OAG. 
After  the  initial  rapid  release,  Ca2+  was  re-accumulated, 
followed  by  a  secondary  slow  net  release.  In  contrast  to 
OAG,  phorbol  12-myristate  13-acetate  (PMA)  failed  to 
induce  Ca2+  efflux  (Fig.  1(A),  trace  b).  Sweet  potato 
mitochondria  loaded  with  Ca2+  did  not  exhibit  OAG- 
induced  Ca2+  release  (Fig.  1(D),  trace  h).  Liver  mi¬ 
tochondria  pretreated  with  Cys  A  (Fig.  1(E),  trace  b) 
display  an  almost  identical  OAG-induced  Ca2+  release 
and  a  moderate  extent  in  the  lag  time  until  the  spon¬ 
taneous  secondary  efflux.  Using  identical  conditions, 
swelling  was  not  observed  upon  addition  of  OAG  to 
Ca2+-loaded  liver  mitochondria  (Fig.  1(G));  however, 
they  exhibit  spontaneous  large  amplitude  swelling  co¬ 
incident  with  the  secondary  Ca2+  efflux  in  the  absence 
(trace  a)  or  presence  (trace  b)  of  Cys  A.  Cys  A  mod¬ 
erately  extends  the  threshold  of  PTP  induction.  In  the 
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Fig.  1.  OAG  induces  mitochondrial  Ca2+  efflux  and  its  relation  to  the 
permeability  transition.  Release  of  sequestered  Ca2+  from  rat  brain  (A, 
trace  a),  mouse  kidney  (B),  mouse  heart  (C),  and  rat  liver  (E),  but  not 
sweet  potato  (D)  mitochondria  by  the  diacylglycerol  analogue,  OAG 
(100  /iM).  The  phorbol  ester  PMA  (1  /xM)  fails  to  induce  Ca2+  release 
(A,  trace  b ).  In  (D)  trace  a ,  Ru360  (165  nM)  was  present  before  addition 
of  CaCl2;  in  trace  b,  1  fiM  FCCP  was  added  at  1200  s.  (E):  Rat  liver  mi¬ 
tochondria  are  loaded  with  two  pulses  of  CaCl2  (100  and  200  s,  40  nmol 
each)  in  the  absence  (trace  a)  or  presence  of  Cys  A  (1  /xM,  trace  b), 
followed  by  addition  of  100  /iM  OAG  at  300  s.  At  approximately  600  s, 
mitochondria  spontaneously  release  Ca2+.  Alamethicin  (40  /xg/ml)  was 
added  at  800  s.  (F):  PTP  inhibitors  do  not  affect  the  initial  OAG-induced 
Ca2+  efflux,  but  modulate  the  secondary  rise:  Rat  brain  mitochondria 
were  loaded  with  two  pulses  of  CaCl2  (350  and  500  s,  400  nmol  each) 
followed  by  addition  of  OAG  (50  /xM)  in  the  presence  and  absence  of 
Cys  A  (2  /xM)  or  BKA  (20  ^M)  or  2-APB  (100  /xM)  (each  added  at  50  s, 
small  arrow).  In  trace  a,  mitochondria  were  not  pre treated  with  either 
PTP  inhibitor;  trace  b,  Cys  A  is  present;  trace  c,  mitochondria  were 
not  challenged  by  OAG  (replaced  with  vehicle);  trace  d,  mitochondria 
were  pretreated  with  2-APB;  trace  e,  mitochondria  were  pretreated  with 
BKA.  (G):  OAG  does  not  evoke  an  immediate  large-amplitude  swelling 
in  Ca2+ -loaded  rat  liver  mitochondria:  Mitochondria  were  loaded  with 
Ca2+  exactly  as  in  (A)  in  the  absence  (trace  a)  or  presence  of  Cys  A 
(1  /xM,  trace  b),  followed  by  addition  of  100  /iM  OAG  at  300  s,  and  light 
scatter  was  followed  spectrophotometrically.  At  approximately  600  s, 
mitochondria  spontaneously  swell.  Alamethicin  (40  /xg/mL)  was  added 
at  800  s.  (H):  2-APB  does  not  inhibit  the  initial  OAG-induced  Ca2+  re¬ 
lease.  Rat  brain  mitochondria  were  loaded  with  three  pulses  of  CaCl2 
(350,  500,  and  600  s,  400  nmol  each)  followed  by  addition  of  OAG  at 
1000  s  in  the  presence  of  2-APB  (100  /xM,  added  at  50  s).  Trace  a,  OAG 
(100  /xM)  was  added  at  1000  s;  in  trace  b,  no  OAG  was  added  (replaced 
by  vehicle).  Traces  for  this  and  all  subsequent  figures  are  representative 
of  at  least  four  independent  experiments  unless  otherwise  indicated. 
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absence  of  OAG,  Cys  A  elevated  the  threshold  for 
PTP  induction  by  CaCF  in  rat  liver  mitochondria  from 
160  nmol/mg  protein  to  1280  nmol/mg  protein.  PTP  in¬ 
hibitors  didn’t  affect  the  first  or  the  second  pulse  of 
OAG-induced  Ca2+  efflux  (Fig.  1(F));  however,  Cys  A 
partially  inhibited  the  secondary  Ca2+  rise,  while  BKA 
and  2-APB  conferred  substantial  protection  (Fig.  1(F) 
and  (H)). 

OAG-induced  Ca2+  Release  Is  Not  Mediated  by  the 
Uniporter  or  the  Mitochondrial  Na+/Ca2+  Exchanger 

Inhibition  of  the  uniporter  by  Ru360  fails  to  in¬ 
hibit  OAG-induced  mitochondrial  Ca2+  release  and  ac¬ 
tually  potentiates  it  (Fig.  2(A),  trace  d).  Inhibition  of 
the  Na+/Ca2+  exchanger  by  CGP-37157  had  no  effect 
on  modulating  the  OAG-induced  Ca2+  release  mecha¬ 
nism  (Fig.  2(A),  trace  e).  Addition  of  FCCP  (Fig.  2(A), 
trace  c),  or  antimycin  A3  plus  oligomycin  (trace  b )  in 
Ca2+ -loaded  mitochondria  pretreated  with  Ru360  caused 
only  a  minor  increase  in  the  rate  of  Ca2+  efflux.  La3+ 
abolishes  OAG-induced  Ca2+  release  completely,  but 
only  moderately  affects  the  reversal  of  the  uniporter 
(Fig.  2(B)).  Fura  6F  reacts  to  La3+  similar  to  Ca2+, 
however  the  K&  of  the  dye  for  the  trivalent  is  differ¬ 
ent  (not  quantified).  Its  presence  also  alters  the  K&  for 
Ca2+;  therefore  only  qualitative  measures  of  Ca2+  flux 
are  possible  after  the  addition  of  LaCl3.  La3+  is  se¬ 
questered  very  slowly  by  mitochondria,  competing  with 
Ca2+  (Reed  and  Bygrave,  1974)  and  blocking  the  uni¬ 
porter  (Gunter  and  Pfeiffer,  1990).  In  trace  a ,  addition 
of  antimycin  A3  plus  oligomycin  induced  slow  Ca2+  ef¬ 
flux  followed  by  faster  release  upon  subsequent  addition 
of  FCCP.  In  trace  b  where  no  mitochondrial  inhibitors 
were  added,  OAG-induced  Ca2+  release  was  inhibited 
by  LaCl3.  To  address  the  directionality  of  the  OAG- 
induced  Ca2+  flux,  mitochondria  were  not  preloaded 
with  CaCF,  and  Ru360  was  added  to  eliminate  Ca2+ 
uptake  through  the  uniporter  (Fig.  2(C),  trace  a).  Af¬ 
ter  subsequent  addition  of  CaCF,  there  was  no  mi¬ 
tochondrial  Ca2+  uptake  and  subsequent  addition  of 
OAG  (trace  a)  had  no  effect  on  Fura  6F  fluorescence. 
In  contrast,  Ca2+ -loaded  mitochondria  subsequently  ex¬ 
posed  to  Ru360  still  exhibited  OAG-induced  Ca2+  efflux 
(trace  b). 

Effect  of  OAG  on  Mitochondrial  Sr2+  Handling 

Rat  brain  mitochondria  were  loaded  with  SrCF 
(Fig.  3(A))  and  flux  of  Sr2"1-  was  monitored  with  Fura 
6F.  This  dye  responds  to  Sr2"^  similarly  to  Ca2+;  how- 


Fig.  2.  OAG-induced  Ca2+  efflux  from  rat  brain  mitochondria  is  not  me¬ 
diated  by  known  Ca2+  uptake  and  release  pathways.  (A):  Mitochondria 
are  loaded  by  exogenously  added  Ca2+  (each  pulse  is  400  nmol  CaCl2) 
and  the  following  compounds  are  administered:  trace  a,  OAG  (100  /xM) 
at  500  s;  trace  b,  165  nM  Ru360  at  300  s,  1  /xM  antimycin  A3  plus  2  /xM 
oligomycin  at  500  s;  trace  c,  165  nM  Ru360  at  300  s,  0.5  /xM  FCCP  at 
500  s;  trace  d,  165  nM  Ru360  at  300  s,  100 /xM  OAG  at  500  s;  trace 
e,  165  nM  Ru360  at  300  s,  20 /xM  CGP-37157  at  400  s,  100 /xM  OAG 
at  500  s;  traces  d  and  e  are  superimposed.  “Eff.”:  effectors.  (B):  1  mM 
LaCF  abolishes  OAG-induced  Ca2+  efflux,  without  affecting  the  reverse 
function  of  the  uniporter:  mitochondria  are  treated  with  400  nmol  CaCl2 
at  350  and  600  s  and  1  mM  LaCF  in  between  (500  s).  Subsequently 
1  /xM  antimycin  A3  plus  2  /xM  oligomycin  are  administered  at  800  s 
(trace  a)  or  100  /xM  OAG  at  800  s  (trace  b).  In  trace  a  0.5  /xM  FCCP 
was  also  added  at  1 100  s.  In  both  traces,  alamethicin  (40  /xg/ml)  is  added 
at  1200  s.  (C):  In  trace  a ,  rat  brain  mitochondria  are  not  preloaded  with 
Ca2+,  and  Ru360  (165  nM)  is  added  at  300  s;  subsequently,  800  nmol  of 
CaCF  is  added  at  350  s,  followed  by  two  pulses  of  OAG  (100  /xM  each) 
at  400  and  500  s.  In  trace  b,  mitochondria  are  preloaded  with  two  pulses 
of  exogenously  added  CaCF  (100  and  200  s,  400  nmol  each);  165  nM 
Ru360  is  added  at  300  s,  followed  by  an  additional  pulse  of  400  nmol 
CaCF  at  350  s.  Subsequently  OAG  (two  pulses  of  100  /xM  each)  are 
added  at  400  and  500  s.  In  both  traces,  alamethicin  (40  /xg/mL)  is  added 
at  1200  s. 

ever,  the  K&  for  Sr2+  is  different  (not  quantified).  In  the 
absence  of  added  OAG  (trace  a)  mitochondria  retain  their 
Sr24  load  for  the  duration  of  the  experiment.  Addition  of 
OAG  (trace  b)  leads  to  an  abrupt  elevation  of  Fura  6F 
fluorescence,  indicating  release  of  sequestered  Sr2+.  The 
increase  in  Fura  6F  fluorescence  is  not  due  to  efflux  of 
endogenous  mitochondrial  Ca2+  as  addition  of  OAG  (or 
FCCP,  not  shown)  to  freshly  isolated  mitochondria  that 
have  not  been  loaded  with  Ca2+  does  not  lead  to  an  in¬ 
crease  in  Fura  6F  fluorescence  (Fig.  4(D)).  Similar  to  the 
effect  of  La3+  on  Ca2+  efflux,  La3+  completely  blocked 
OAG-induced  Sr2+  release  (Fig.  3(B)). 
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Fig.  3.  OAG-induced  Sr2"1"  efflux  from  rat  brain  mitochondria  and  inhi¬ 
bition  by  La3+.  (A):  Mitochondria  are  loaded  with  three  pulses  of  SrCl2 
(400  nmol  each,  trace  a).  In  trace  b,  subsequent  to  Sr2+  loading,  OAG 
is  added  (100  /xM)  at  1000  s  causing  an  immediate  increase  in  Fura  6F 
ratio  fluorescence.  In  both  traces,  alamethicin  (40/xg/ml)  is  added  at 
1800  s.  (B):  Mitochondria  are  treated  with  400  nmol  SrC^  at  350  and 
750  s  and  1  mM  LaCl3  in  between  (500  s).  OAG  is  added  (100 /xM)  at 
1000  s  causing  no  further  increase  in  Fura  6F  ratio  fluorescence. 


OAG  Induces  Cationic  Channel  Activity 
in  Rat  Brain  Mitoplasts 

In  the  absence  of  OAG,  no  channel  activity  was 
recorded  from  mitoplasts  in  9  patches  and  conductances 
characteristic  of  PTP  were  observed  in  3  other  patches. 
Seventeen  out  of  34  patches  showed  no  channel  activity  of 
any  kind  in  the  presence  of  OAG.  Multiple  conductance 
levels  were  observed  in  patches  that  were  slightly  cation- 
selective  in  the  presence  of  OAG  in  12  of  34  patches.  These 
patches  were  scored  positive  for  the  presence  of  OAG- 
induced  activity  in  the  bar  graph  (Fig.  4(A),  p  <  0.05). 
While  other  transition  sizes  were  observed,  current  traces 
recorded  in  the  presence  of  OAG  typically  exhibited  tran¬ 
sitions  of  202  ±  33  pS;  ( n  —  8  patches,  Fig.  4(B)-(D)). 
PTP  and  Tim23  channels  with  conductances  of  ~1200 
and  750  pS,  respectively,  were  recorded  from  5  patches, 
which  may  have  obscured  the  smaller  OAG-induced  ac¬ 
tivity  (not  shown).  While  the  frequency  of  observing  the 
OAG-induced  activity  increased  slightly  to  8  of  17  patches 
in  the  presence  of  the  PTP  inhibitor  BKA,  this  increase 
was  not  statistically  significant  (p  —  0.4).  Unlike  BKA, 
perfusing  the  excised  patches  that  exhibited  OAG-induced 
activity  with  1  mM  LaCl3  led  to  a  blockade  of  this  channel 
activity  (n  =  3  patches).  We  did  not  observe  any  current 
upon  exposure  of  OAG  to  patches  excised  from  liposomes 
(Type  IV,  phosphatidylcholine,  prepared  as  in  (Guo  et  ai, 
2004),  Fig.  4(A)). 
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Fig.  4.  OAG-induced  mitoplast  channel  activity.  (A):  The  frequency  of 
detecting  OAG-induced  channel  activity  in  rat  brain  mitoplasts  is  shown 
in  the  absence  (Control)  and  presence  (OAG)  of  100  /iM  OAG,  and  pres¬ 
ence  of  100 /xM  OAG  plus  20  /xM  BKA  (OAG  +  BA).  The  frequency 
is  statistically  different  in  the  absence  and  presence  of  OAG  ( p  =  0.02) 
and  is  not  statistically  different  in  the  presence  and  absence  of  BKA 
(p  =  0.4,  Fisher’s  test).  The  frequency  of  detecting  OAG-induced  activ¬ 
ity  in  patches  from  giant  liposomes  is  also  shown  (OAG  +  liposomes). 

indicates  the  number  of  independent  patches.  (B-D).  Current  traces 
from  three  different  excised  patches  from  mitoplasts  show  202  ±  33  pS 
(SD)  transitions  in  the  presence  of  100  /xM  OAG  at  indicated  voltages. 
O  and  C  indicate  open  and  closed  current  levels. 

DAGs  Release  Mitochondrial  Ca2+  Through  a 
Mechanism  Independent  of  DAG  Metabolism  or 
Activation  of  PKC 

1,2-diacylglycerols  other  than  OAG,  release  Ca2+ 
from  Ca2+-loaded  mitochondria,  (Fig.  5(A),  traces  b— 
f),  while  1,3-diacylglycerols  are  inactive  (Fig.  6(A)). 
Inhibition  of  PKC  using  five  different  PKC  inhibitors 
(Fig.  5(B ))  potentiated  the  OAG-induced  initial  Ca2+  ef¬ 
flux.  No  inhibitor  exhibited  statistically  significant  res¬ 
piratory  inhibition  and/or  uncoupling,  except  Myristoy- 
lated  Protein  Kinase  C  Inhibitor  20-28  (15%  increase 
in  state  4  respiration,  not  shown).  The  DAG  lipase  in¬ 
hibitor  RHC  80267  (Fig.  5(C),  trace  b)  or  the  DAG  kinase 
inhibitor  II  (Fig.  5(C),  trace  c)  didn’t  influence  signifi¬ 
cantly  the  initial  OAG-induced  Ca2+  efflux;  RHC  80267 
only  slightly  potentiated  the  initial  OAG-induced  Ca2+ 
efflux  while  the  DAG  kinase  inhibitor  II  potentiated  the 
delayed  Ca2+  rise.  Neither  inhibitor  exhibited  respiratory 
inhibition  or  uncoupling  (not  shown).  Addition  of  OAG 
to  mitochondria  prior  to  loading  with  CaClo  did  not  in¬ 
hibit  subsequent  Ca2+  uptake;  however,  the  time  elapsed 
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Fig.  5.  Diacylglycerol-induced  release  of  sequestered  Ca2+  in  rat  brain 
mitochondria  (A-E)  and  mitoplasts  (F):  Relationship  to  putative  targets 
and  catabolites.  (A):  Mitochondria  are  loaded  with  two  pulses  of  CaCl2 
(400  nmol  each  at  350  and  500  s)  followed  by  addition  of  the  following 
DAG  at  600  and  750  s  (50  /xM  each  pulse):  trace  a,  vehicle  (2/xl  96% 
ethanol  [or  DMSO,  not  shown]);  trace  b,  DOL;  trace  c,  DDC;  trace 
d,  SAG;  trace  e,  DOG;  trace/,  HDAG.  (B):  PKC  inhibitors  potentiate 
the  OAG-induced  mitochondrial  Ca2+  release:  Mitochondria  are  loaded 
with  three  pulses  of  400  nmol  CaC^  (350,  500  and  600  s)  and  prior  to 
addition  of  100  /xM  OAG  (850  s)  the  following  PKC  inhibitor  is  added  at 
800  s:  trace  a,  vehicle  (2  /xl  96%  ethanol);  trace  b,  Ro-32-0432  (200  nM); 
trace  c,  Go  6976  (100  nM);  trace  d,  myristoylated  PKC  Inhibitor  20- 
28  (10  microM);  trace  e,  chelerythrine  chloride  (1  microM)  trace  /, 
Bisindolylmaleimide  I  (30  nM).  (C):  Inhibition  of  OAG  catabolism  does 
not  mitigate  OAG-induced  Ca2+  release:  Mitochondria  are  loaded  with 
three  pulses  of 400  nmol  CaCl2  (350, 500,  and  600  s)  and  prior  to  addition 
of  100  /xM  OAG  (850  s),  inhibitors  of  DAG  lipase  and  DAG  lipase  are 
added  at  800  s.  In  trace  a ,  no  inhibitor  is  present,  in  trace  b  the  DAG  lipase 
inhibitor  RHC  80267  (10 /xM)  is  present;  in  trace  c,  the  DAG  kinase 
inhibitor  “DAG  kinase  inhibitor  II”  (1  /xM)  was  added  at  800  s.  (D): 
Addition  of  OAG  to  mitochondria  that  have  not  been  loaded  with  Ca2+ 
does  not  abolish  subsequent  Ca2+  uptake.  OAG  (100  /xM)  was  added  at 
different  time  points  at  50  s  (trace  a),  200  s  (trace  b),  300  s  (trace  c),  325  s 
(trace  d),  prior  to  challenging  mitochondria  with  three  pulses  of  CaCl2  (at 
350,  500,  and  700  s,  400  nmol  each).  (E):  Effect  of  phospholipids  on  the 
OAG-induced  Ca2+  release:  Mitochondria  are  loaded  with  two  pulses  of 
CaCl2  (400  nmol  each  at  350  and  500  s)  followed  by  addition  of  25  /xM 
OAG  at  600  and  700  s  in  the  presence  of  PS  (10  /xg/mg  mitochondrial 
protein,  trace  b)  or  PE  (10 /xg/mg  mitochondrial  protein,  trace  c).  In 
trace  a,  ethanol  was  added  instead  of  a  phospholipid.  (F):  OAG  releases 
sequestered  Ca2+  from  rat  brain  mitoplasts:  In  all  traces,  mitoplasts  are 
loaded  with  a  single  pulse  of  400  nmol  CaCl2  (100  s),  and  OAG  (100  /xM 
unless  otherwise  indicated)  is  added  at  400  s.  In  trace  a,  no  further 
additions  were  made.  In  trace  b ,  RHC  80267  (10  /xM)  was  added  at  320  s; 
in  trace  c,  1  mM  LaCb  was  added  at  240  s;  in  trace  d,  200  /xM  OAG  was 
added  at  400  s;  in  trace  e,  165  nM  Ru360  was  added  at  320  s,  followed 
by  200  /xM  OAG  at  400  s.  “R/R”  signifies  RHC  80267  or  Ru360. 


time  (sec)  time  (sec) 


Fig.  6.  Di-  and  Monoacylglycerol  induced  mitochondrial  Ca2+  release: 
Effects  of  permeability  transition  inhibition  and  La3+.  (A):  Mitochon¬ 
dria  are  loaded  with  two  pulses  of  CaCl2  (400  nmol  each  at  350  and 
500  s)  followed  by  addition  of  the  following  DAG  or  MG  at  600  and 
750  s  (100  /x M  each  pulse):  trace  a,  2-Monooleoylglycerol  (Cl 8: 1,  [cis]- 
9);  trace  b,  l,3-Di-([cw]-9-octadecenoyl)-rac-glycerol;  trace  c,  vehicle; 
trace  d,  1 -Monooleoyl-rac-glycerol  (Cl 8:1,  [cis]-9).  (B):  Mitochondria 
are  pretreated  with  a  PTP  inhibitor  (at  50  s)  and  challenged  with  two 
pulses  of  CaCl2  (400  nmol  each  at  350  and  500  s)  followed  by  addition  of 
2-Monooleoylglycerol  at  600  and  750  s  (50  /xM  each  pulse);  trace  a,  no 
PTP  inhibitor;  trace  b,  2  /xM  Cys  A;  trace  c,  20  /xM  BKA.  (C):  LaCl3  in¬ 
hibits  the  2-MG  induced  Ca2+  efflux:  Mitochondria  are  loaded  with  two 
pulses  of  CaCl2  (400  nmol  each  at  100  and  200  s)  followed  by  addition 
of  1  mM  LaCl3  at  300  s;  subsequently,  100 /xM  2-Monooleoylglycerol 
is  added  at  500s.  (D):  LaCl3  inhibits  the  palmitic  acid-  induced  Ca2+ 
efflux:  In  trace  a,  mitochondria  are  loaded  with  two  pulses  of  CaCl2 
(400  nmol  each  at  100  and  200  s);  subsequently,  10  /xM  palmitic  acid  is 
added  at  400  and  600  s;  in  trace  b,  mitochondria  are  loaded  with  two 
pulses  of  CaCl2  (400  nmol  each  at  100  and  200  s)  followed  by  addition 
of  1  mM  LaCl3  at  300  s;  subsequently,  10  /xM  palmitic  acid  is  added  at 
400  and  600  s. 


before  the  addition  of  OAG  to  the  point  of  Ca2+  chal¬ 
lenge  influenced  the  maximal  Ca2+  uptake  capacity  of 
mitochondria  (Fig.  5(D),  traces  a-d).  Various  PLC  in¬ 
hibitors  (U-73122,  Edelfosine,  D609,  neomycin)  were 
tested  for  their  effects  on  maximal  Ca2+  uptake  capacity 
with  the  exception  of  neomycin  with  these  drugs  inhib¬ 
ited  uptake  due  to  the  finding  that  they  are  potent  respira¬ 
tory  uncouplers  (not  shown).  Inclusion  of  phospholipids 
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(phosphatidylethanolamine  [PE]  vs.  phosphatidylserine 
[PS])  in  the  medium  enhanced  the  potency  of  the  sec¬ 
ond  pulse  of  OAG-induced  Ca2+  efflux  from  Ca2+ -loaded 
mitochondria  (Fig.  5(E)).  Addition  of  OAG  to  mitoplasts 
caused  release  of  sequestered  Ca2+  (Fig.  5(F),  trace  a). 
The  presence  of  RHC  80267  did  not  alter  the  initial  OAG- 
induced  Ca2+  efflux.  The  effect  of  OAG  was  further  po¬ 
tentiated  in  the  presence  of  Ru360  (Fig.  5(F),  trace  e). 
Pretreatment  of  Ca2+ -loaded  mitoplasts  with  1  mM  LaCI  i 
prior  to  addition  of  OAG  blocked  the  effect  of  the  diacyl- 
glycerol  on  releasing  stored  Ca2+  (Fig.  5(F),  trace  c). 


Additional  Characteristics  of  DAG-Induced 
Release  of  Mitochondrial  Ca2+ 

We  compared  the  effect  of  OAG  to  1,3-diolein  (1,3- 
Di-([c/s]-9-octadecenoyl)-rac-glycerol,  (Fig.  6(A),  trace 
b),  2-MG  (2-Monooleoylglycerol  (C18:l,  [c/.v]-9)  (trace 
a)  and  1-MG  (1-Monooleoyl-rac-glycerol  (Cl 8:1,  [cis]- 
9),  (trace  d).  Only  2-MG  induced  an  initial  Ca2+  efflux 
from  Ca2+-loaded  rat  brain  mitochondria,  followed  by  a 
robust  delayed  Ca2+  rise  (Fig.  6(A),  trace  a).  Neither  the 
initial  2-MG-induced  Ca2+  release  nor  the  delayed  Ca2+ 
efflux  was  sensitive  to  PTP  inhibitors  (Fig.  6(B),  traces 
b  and  c).  The  2-MG-induced  Ca2+  release  was,  however, 
completely  abolished  by  1  mM  LaCl3  (Fig.  6(C)).  1  mM 
LaCU  also  inhibited  release  of  sequestered  Ca2+  from  rat 
brain  mitochondria  induced  by  palmitic  acid  (Fig.  6(D)). 
Moreover,  LaCl3  mitigated  the  uncoupling  effect  of  this 
fatty  acid  (not  shown).  2-MG  exhibited  both  significant 
uncoupling  and  inhibition  of  state  3  respiration  (Table  I). 
Among  the  DAGs,  DOG  exhibited  significant  uncoupling. 


The  other  tested  DAGs,  including  OAG,  exhibited  little  or 
no  inhibition  of  state  3  respiration. 


DISCUSSION 

The  novel  observations  of  the  current  study  point 
to  a  potential  mode  of  Ca2+  release  in  mitochondria  that 
can  be  synchronized  with  physiological  events  inducing 
elevation  of  cytosolic  [Ca2+]  either  throughout  the  cell 
or  in  microdomains.  Our  primary  finding  is  that  OAG 
releases  Ca2+  sequestered  by  mitochondria  isolated  from 
rodent  tissues  but  not  from  sweet  potato.  Plants  do  possess 
multiple  pathways  that  ultimately  result  in  DAGs  produc¬ 
tion  (Wang,  2004).  The  importance  of  the  lack  of  effect 
of  OAG  on  sweet  potato  mitochondria  is  twofold:  (i)  it 
demonstrates  biological  diversity  and  (ii)  it  weakens  the 
possibility  of  an  artifact  of  OAG  on  lipid  membranes,  im¬ 
plicated  previously  (Allan  etal.,  1978;  Leikin<?f  a/.,  1996; 
Szule  et  al.,  2002). 

Additional  lines  of  evidence  argue  against  a  Ca2+- 
ionophoretic  activity  of  the  diacylglycerol  or  an  unspecific 
effect  on  bilayers  leading  to  ion  permeability:  (i)  follow¬ 
ing  Ca2+  release  upon  exposure  to  OAG  in  mammalian 
mitochondria,  extramitochondrial  [Ca2+]  returns  to  base¬ 
line  values;  an  ionophore  would  lead  to  the  establishment 
of  a  new  steady-state  [Ca2+];  (ii)  OAG  does  not  cause 
any  swelling  during  the  initial  Ca2+  release,  excluding 
the  possibility  of  an  unspecific  hole-forming  effect  or  ac¬ 
tivation  of  the  PTP;  (iii)  several  effective  1,2-DAGs  do 
not  exhibit  any  uncoupling  properties  that  would  be  obvi¬ 
ous  if  they  nonselectively  permeabilize  the  mitochondrial 
inner  membrane;  (iv)  application  of  OAG  to  the  patches 


Table  I.  Effects  of  Di-  and  Monoacylglycerols  and  Famesyl  Thiotriazole  (FTT)  on  Rat  Brain 
Mitochondrial  Oxygen  Consumption 


State  3 

State  4  (effector  added 
before  oligomycin) 

State  4  (effector  added 
after  oligomycin) 

Vehicle,  (n  =12) 

131  ±  3 

16  ±  1 

16  ±  1 

OAG  (n  =  6) 

102  ±  4* 

16  ±  lns 

16  ±  lns 

2-MG  (n  =  5) 

110  ±9* 

29  ±2* 

is  ±  rs 

DDC  (n  =  3) 

125  ±  6n  s- 

15  ±  lns 

14  ±  rs 

DOL  (n  =  3) 

113  ±  6* 

15  ±  lns 

14  ±  lns 

DOG  (n  =  3) 

130  ±  9n  s' 

21  ±2* 

17  ±  rs 

FTT  (»  =  3) 

48  ±  4* 

34  ±2* 

29  ±2* 

HDAG  (n  =  3) 

96  3=5* 

14  ±  lns 

is  ±  rs 

SAG  (n  =  3) 

126  ±  7n  s' 

15  ±  lns 

14  ±  lns 

Note.  All  di-  and  monoacylglycerols  and  FTT  were  tested  at  100 /xM  concentration,  n :  number  of 
independent  experiments.  Statistics:  Mann-Whitney  rank  sum  test;  *:  significant  compared  to  con¬ 
trol  (vehicle),  p  <  0.001,  ns:  not  significant  compared  to  control.  Values  are  given  as  nmol/min/mg 
protein  and  expressed  as  standard  errors  of  the  mean,  rounded  to  the  nearest  integer. 
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does  not  always  result  in  channel  activity,  arguing  against 
a  nonspecific  membrane  stressing  effect;  (v)  no  currents 
are  observed  with  patched  liposomes  upon  exposure  to 
the  diacylglycerol. 

To  test  the  hypothesis  that  OAG  induces  Ca2+  ef¬ 
flux  through  previously  described  mitochondrial  flux 
pathways,  we  blocked  independently  the  uniporter,  the 
Na+/Ca2+  exchanger,  and  the  PTP.  Blocking  the  uniporter 
with  Ru360  preventing  bidirectional  Ca2+  transport  by 
this  pathway  (Matlib  et  al. ,  1998)  does  not  inhibit  and, 
as  expected,  actually  potentiates  the  OAG-induced  Ca2+ 
release  from  mitochondria  or  mitoplasts;  the  amplitude 
of  the  release  is  greater  in  the  presence  of  Ru360  due  to 
the  inability  of  the  uniporter  to  reaccumulate  Ca2+,  hence 
also  the  lack  of  post-OAG  extramitochondrial  [Ca2+]  de¬ 
cay.  This  observation  also  argues  against  an  uncoupling 
mode  of  action  of  OAG  since  uncoupler-induced  calcium 
efflux  occurs  via  reversal  of  the  mitochondrial  uniporter 
(Bernardi  et  al.,  1984).  In  addition,  the  uniporter  is  rela¬ 
tively  impermeable  to  K+  while  our  electrophysiological 
recordings  were  made  using  symmetrical  KC1  solutions. 
Moreover,  single  uniporter  channels  have  multiple  sub¬ 
conductance  states  between  2.6  pS  and  5.2  pS  at  —  1 60  mV, 
but  the  OAG-induced  conductances  are  ~200pS.  There¬ 
fore,  it  is  clear  that  the  OAG-induced  channel  is  not  the 
uniporter  characterized  recently  (Kirichok  et  al.,  2004). 
La3+  inhibits  completely  the  OAG  response,  while  in  our 
hands,  La3+  (1  mM)  does  not  eliminate  the  release  of  Ca2+ 
from  mitochondria  induced  by  respiratory  inhibition  or 
uncoupling.  Blockade  of  the  Na+/Ca2+  exchanger  with 
CGP-37157  does  not  antagonize  the  OAG  effect;  more¬ 
over,  the  fast  kinetics  of  the  initial  OAG-induced  Ca2+ 
efflux  argue  against  the  involvement  of  a  slow  exchanger. 
In  addition,  the  absence  of  Na+  in  the  medium  eliminates 
the  Na+/Ca2+  exchanger  as  the  mechanism. 

We  furthermore  conclude  that  the  initial  rapid  Ca2+ 
efflux  induced  by  OAG  is  not  due  to  PTP  opening  because: 
(i)  it  is  insensitive  to  any  PTP  inhibitor  tested;  (ii)  OAG- 
induced  channel  activity  exhibits  conductances  ~6  times 
lower  than  those  characteristics  of  PTP  (Loupatatzis  et  al., 
2002);  (iii)  OAG  induces  Sr2+  release  from  Sr2+-loaded 
mitochondria,  whereas  Sr2+  does  not  promote  PTP  forma¬ 
tion  (Hunter  et  al.,  1976);  (iv)  OAG  does  not  induce  any 
large-amplitude  swelling  during  the  initial  Ca2+  release 
and,  in  accordance  with  our  observations,  DAGs  were 
shown  earlier  not  to  induce  swelling  of  liver  mitochon¬ 
dria  (Pastorino  et  al.,  1999).  In  contrast,  the  delayed  Ca2+ 
rise  exhibits  robust  evidence  of  PTP,  including  sensitiv¬ 
ity  to  PTP  inhibitors  and  large-amplitude  mitochondrial 
swelling.  At  least  one  component  leading  to  the  delayed 
formation  of  PTP  is  the  intense  Ca2+  cycling  substantiated 
by  the  OAG-induced  Ca2+  channel(s)  and  the  uniporter; 


however,  in  rat  liver  mitochondria,  the  presence  of  Cys  A 
did  not  extend  significantly  the  threshold  for  PTP  induc¬ 
tion  in  the  presence  of  OAG,  in  spite  of  the  immensely 
protecting  effect  of  the  immunophilin  against  high-Ca2+ 
mitochondrial  loading  in  the  absence  of  the  diacylglyc¬ 
erol.  Since  DAGs  activate  PLA2  which  is  also  found  in 
mitochondria  (Nachbaur  and  Vignais,  1968),  the  OAG  in¬ 
duced  secondary  phase  of  Ca2+  release  could  be  due  to 
activation  of  this  enzyme,  which  is  known  to  contribute  to 
induction  and/or  maintenance  of  PTP  (Broekemeier  and 
Pfeiffer,  1989;  Rustenbeck  et  al.,  1996);  however,  neither 
aristolochic  acid,  nor  bromoenol  lactone  (both  inhibitors 
of  PLA2)  inhibited  mitochondrial  Ca2+ -induced  Ca2+  re¬ 
lease  (mCICR)  under  the  exact  conditions  in  the  absence 
of  OAG  (Chinopoulos  et  al.,  2003). 

Phorbol  esters  can  substitute  for  diacylglycerol  in 
activating  both  protein  kinase  C  (Nishizuka,  1995)  and 
non-PKCs  (Brose  et  al.,  2004).  Substitution  of  OAG  for 
PMA  fails  to  induce  Ca2+  efflux.  Moreover,  inclusion 
of  five  different  PKC  inhibitors  does  not  ameliorate  the 
OAG  effect  and  even  potentiates  it.  Such  a  scenario  has 
been  reported  for  DAG-sensitive  TRP  channels  on  the 
plasma  membrane  (Venkatachalam  et  al.,  2003).  How¬ 
ever,  the  possibility  of  TRP  channels  being  present  in 
mitochondria  has  been  previously  excluded  (Chinopoulos 
et  al.,  2003).  A  caveat  here  is  that  contemporary  phar¬ 
macological  PKC  antagonists  targeting  the  Cl  domain 
bind  with  similar  affinities  to  non-PKCs  possessing  the 
same  domain  activated  by  DAG/phorbol  esters  (Yang  and 
Kazanietz,  2003).  The  question  arises,  as  to  why  would 
there  be  PKC  in  our  isolated  mitochondria  preparations, 
since  it  translocates  to  the  organelles  as  a  reaction  to  cell 
stress;  probably,  the  mitochondrial  isolation  procedure  is 
damaging  enough  (decapitation  of  the  animal,  transient 
hypoxia  of  the  tissue)  to  cause  PKC  translocation. 

To  characterize  further  the  mode  of  action  of  DAGs 
on  mitochondria,  we  tested  di-  and  monoacylglycerols  by 
varying  the  position  of  the  acyl  groups.  Only  1,2-sn-DAGs 
induce  release  of  Ca2+,  while  1,3-sn-DAGs  are  inactive. 
Among  monoacylglycerols,  1-MG  is  not  effective,  as  op¬ 
posed  to  2-MG  that  releases  Ca2+  vigorously.  As  a  com¬ 
parison,  PKC  is  not  activated  by  1,3-DAGs  nor  monoa¬ 
cylglycerols,  but  is  activated  by  1,2-DAGs  (Nishizuka, 
1995).  2-MG  induces  powerful  uncoupling  in  addition  to 
causing  Ca2+  efflux  that  is  insensitive  to  PTP  inhibitors. 
At  this  juncture,  it  is  not  known  if  2-MGs  and  1,2-DAGs 
share  the  same  target(s)  on  mitochondria  or  if  2-MG  has 
an  alternative  mode  of  action.  La3+  inhibits  the  2-MG- 
induced  Ca2+  release  completely;  however,  La3+  also  in¬ 
hibits  palmitic  acid-induced  PTP  (Sultan  and  Sokolove, 
2001)  and  Ca2+  flux  through  the  uniporter.  The  universal 
ability  of  La3+  to  block  all  forms  of  mitochondrial  Ca2+ 
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release  therefore  limits  its  usefulness  in  delineating  the 
individual  mechanism  involved  in  OAG-induced  release. 

In  addition  to  regulation  by  diacylglycerol  or  phorbol 
esters,  DAG  targets  require  Ca2+  and  PS  (Bell  and  Burns, 
1991).  Inclusion  of  PS  to  the  suspension  does  not  have  an 
effect  on  the  OAG-induced  Ca2+  efflux;  however,  PE  po¬ 
tentiates  the  OAG  response.  At  this  juncture,  we  cannot  at¬ 
tribute  the  PE  potentiating  effect  on  a  biologically  relevant 
mechanism  or  on  the  possibility  that  PE  is  a  better  vehicle 
for  OAG  in  solution.  Concerning  the  requirement  of  ma¬ 
trix  Ca2+,  our  experiments  demonstrate  that  OAG  causes 
release  of  Ca2+  from  Ca2+-loaded  mitochondria  but  does 
not  allow  Ca2+  influx  in  mitochondria  treated  with  Ru360. 
It  is  therefore  possible  that  the  target  molecule(s)  of  OAG 
on  the  inner  mitochondrial  membrane  possess  binding 
site(s)  for  Ca2+  located  at  the  inner  leaflet  of  the  mem¬ 
brane.  This  is  a  very  similar  scenario  to  the  one  involving 
PKC:  Ca2+  increases  the  affinity  of  conventional  PKCs  for 
negatively  charged  lipids  and  this  increase  varies  linearly 
with  Ca2+  concentration  in  the  low  //M  to  submillimolar 
range  (Mosior  and  Epand,  1994).  OAG  also  releases  se¬ 
questered  strontium;  however,  due  to  the  almost  identical 
molecular  radius  of  Sr2+  to  Ca2+,  Sr2+  may  substitute 
for  Ca2+  for  whatever  means.  The  requirement  for  accu¬ 
mulated  intramitochondrial  Ca2+  for  DAGs-induced  Ca2+ 
release  can  be  envisioned  as  a  mechanism  preventing  mi¬ 
tochondria  from  buffering  all  the  Ca2+  coming  from  other 
sources  during  PIP2  hydrolysis.  The  necessity  of  an  oblig¬ 
atory  metabolite  (DAG)  sets  the  mechanism  in  synchrony. 

It  is  clear  that  mitochondria  host  DAG  targets 
(see  Introduction),  though  the  two  major  DAG  clear¬ 
ance  pathways,  DAG  kinase  and  DAG  lipase,  have  not 
been  unequivocally  identified  these  organelles  (Bothmer 
et  ai,  1992);  nevertheless,  1,2-diacyl-sn-glycerol  is  a 
reactant  or  product  in  23  reactions,  spanning  among 
four  different  biochemical  pathways  (for  a  complete 
description  of  the  involvement  of  DAGs  in  biochem¬ 
ical  pathways,  see:  http://www.genome.jp/dbget-bin/ 
www_bget?compound±C00641),  leaving  multiple  candi¬ 
dates  for  DAG  clearance;  parts  from  the  overall  reactions 
in  all  four  pathways  are  hosted  by  mitochondrial  mem¬ 
branes  or  take  place  in  the  matrix  (Murray,  2003). 

In  summary,  DAGs  release  sequestered  Ca2+  from 
isolated  mitochondria,  most  likely  mediated  through  novel 
channels  located  on  the  inner  mitochondrial  membrane, 
or  a  single  channel  with  multiple  substates.  It  remains  to 
be  determined  if  DAGs  are  the  physiological  inducers  for 
this  channel  activity  during  signal  transduction  in  cells 
associated  with  activation  of  phospholipase  C.  This  is  an 
exciting  possibility  linking  the  triad  of  signal  transduc¬ 
tion,  intracellular  Ca2+  homeostasis,  and  mitochondrial 
bioenergetics. 
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Bcl-2  and  other  closely  related  members  of  the  Bcl-2  family  of  proteins  inhibit  the  death  of  neu¬ 
rons  and  many  other  cells  in  response  to  a  wide  variety  of  pathogenic  stimuli.  Bcl-2  inhibition  of 
apoptosis  is  mediated  by  its  binding  to  pro-apoptotic  proteins,  e.g.,  Bax  and  tBid,  inhibition  of  their 
oligomerization,  and  thus  inhibition  of  mitochondrial  outer  membrane  pore  formation,  through  which 
other  pro-apoptotic  proteins,  e.g.,  cytochrome  c,  are  released  to  the  cytosol.  Bcl-2  also  exhibits  an 
indirect  antioxidant  activity  caused  by  a  sub-toxic  elevation  of  mitochondrial  production  of  reactive 
oxygen  species  and  a  compensatory  increase  in  expression  of  antioxidant  gene  products.  While  clas¬ 
sic  approaches  to  cytoprotection  based  on  Bcl-2  family  gene  delivery  have  significant  limitations, 
cellular  protein  transduction  represents  a  new  and  exciting  approach  utilizing  peptides  and  proteins 
as  drugs  with  intracellular  targets.  The  mechanism  by  which  proteins  with  transduction  domains  are 
taken  up  by  cells  and  delivered  to  their  targets  is  controversial  but  usually  involves  endocytosis.  The 
effectiveness  of  transduced  proteins  may  therefore  be  limited  by  their  release  from  endosomes  into 
the  cytosol. 


KEY  WORDS:  Apoptosis;  Bcl-2;  mitochondria;  protein  transduction;  endocytosis. 


Bcl-2  AND  NEUROPROTECTION 

Bcl-2  is  a  26kDa  protein  that  protects  many  differ¬ 
ent  types  of  cells  from  death  caused  by  a  wide  variety  of 
insults.  Although  generally  described  as  an  anti-apoptotic 
protein,  we  and  other  investigators  find  it  to  also  be  ef¬ 
fective  against  rapid,  necrotic  cell  death,  including  that 
associated  with  in  vitro  ischemia  (chemical  hypoxia  plus 
glucose  deprivation)  (Myers  et  al.,  1995;  Kane  et  al., 
1995).  Bcl-2  is  a  membrane  protein  located  at  mitochon¬ 
dria,  the  endoplasmic  reticulum  and  the  nuclear  envelope. 
Bcl-2  is  expressed  at  low  basal  levels  in  neurons  in  the 
adult  brain  (Merry  and  Korsmeyer,  1997),  but  is  induced 
in  many  neurons  following  ischemia  (Chen  et  al.,  1995), 
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and  is  elevated  in  aged  animals  (Kaufmann  et  al.,  2001). 
Upregulation  of  Bcl-2  following  brief,  sublethal  cerebral 
ischemia  increases  the  resistance  of  neurons  to  a  subse¬ 
quent  longer  period  of  ischemia  (Shimizu  et  al.,  2001). 
In  addition,  Bcl-2  overexpression  in  neurons  ameliorates 
cerebral  ischemic  injury  (Martinou  et  al.,  1994).  Bcl-2 
gene  deletion  (Hata  et  al.,  1999)  or  antisense  treatment 
increases  brain  damage  following  ischemia/reperfusion 
(Chen  et  al.,  2000).  Studies  demonstrating  that  delivery 
of  the  bcl-2  gene  to  the  brain  via  Adenoviral  or  Herpes 
virus  vectors,  or  by  liposome-mediated  transfer,  reduces 
the  severity  of  ischemic  injury  suggest  that  Bcl-2  could 
be  used  therapeutically  (Shimazaki  et  al.,  2000;  Linnik 
etai,  1995). 


Abbreviations:  Antp,  Antennapedia;  Bel,  B-cell  lymphoma;  BH  do¬ 
main,  Bcl-2  homology  domain;  CPP,  cell  penetrating  peptide;  ER, 
endoplasmic  reticulum;  HIV,  human  immunodefficiency  virus;  HS, 
heparan  sulfate;  HSPG,  heparan  sulfate  proteoglycan;  PTD,  protein 
transduction  domain;  STS,  staurosporine;  TAT,  transactivator  of  tran¬ 
scription 
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Mitochondrial  Mechanisms  of  Action  of 
Anti-Apoptotic  Bcl-2  Family  Proteins 

Murphy  et  al.  (1996a,  1996b)  were  the  first  to  report 
a  direct  effect  of  Bcl-2  on  mitochondrial  function,  namely 
that  overexpression  increases  mitochondrial  Ca2+  buffer¬ 
ing  capacity  and  protects  against  Ca2+ -induced  mito¬ 
chondrial  respiratory  dysfunction  (Murphy  et  al.,  1996a). 
These  observations  were  extended  to  demonstrate  protec¬ 
tion  by  Bcl-2  against  cell  death  caused  by  elevated  intra¬ 
cellular  Ca2+  (Murphy  and  Fiskum,  1999).  Kowaltowski 
and  Fiskum  then  demonstrated  inhibition  by  Bcl-2  of 
the  mitochondrial  inner  membrane  permeability  transi¬ 
tion  (MPT)  induced  by  Ca2+  together  with  oxidative 
stress  elicited  by  the  addition  of  hydroperoxides  (Kowal¬ 
towski  et  al.,  2000).  The  MPT  results  in  uncoupling  of 
oxidative  phosphorylation,  mitochondrial  swelling,  and 
release  of  cytochrome  c  through  the  disrupted  outer  mem¬ 
brane.  Bcl-2  inhibits  the  MPT  through  its  influence  over 
NAD(P)H  and  glutathione  redox  state  as  it  is  not  effective 
when  the  MPT  is  activated  by  direct  chemical  oxidation  of 
protein  thiols  (Fig.  1)  (Kowaltowski  et  al.,  2000).  This  ef¬ 
fect  may  be  specific  for  neural  cells,  as  it  was  not  observed 
in  liver  mitochondria  from  Bcl-2  transgenic  mice  (Yang 
et  al.,  2000).  The  redox  mode  of  MPT  inhibition  by  Bcl-2 
is  consistent  with  the  findings  that  Bcl-2  overexpressing 
neural  cells  display  a  relatively  reduced  redox  state  and  a 
resistance  to  mitochondrial  injury  and  cell  death  induced 
by  oxidative/metabolic  stress  (Myers  et  al.,  1995;  Murphy 
et  al.,  1996b;  Ellerby  etal.,  1996).  When  such  stress  is  ex¬ 
cessive,  Bcl-2  protects  against  acute  necrotic  cell  death, 
while  when  the  duration  of  stress  is  limited,  Bcl-2  pro¬ 
tects  against  delayed,  apoptotic  cell  death  (Myers  et  al., 
1995).  While  for  many  years  the  MPT  was  widely  touted 
as  a  pro-apoptotic  event  (Zamzami  and  Kroemer,  2001), 
recent  results  obtained  with  tissues  from  knockout  ani¬ 
mals  that  do  not  express  the  MPT-associated  protein  cy- 
clophilin  D  indicate  that  MPT  is  important  for  necrotic 
but  not  for  many  forms  of  apoptotic  cell  death  (Nakagawa 
et  al.,  2005;  Basso  et  al.,  2005). 

In  contrast  to  the  mechanism  by  which  Bcl-2  pro¬ 
tects  against  Ca2+ -induced  mitochondrial  cytochrome  c 
release,  we  and  other  investigators  found  that  inhibition 
by  Bcl-2  of  cytochrome  c  release  induced  by  Bax  in  the 
presence  of  BH3  death  domain  only  proteins,  e.g.,  tBid, 
is  independent  of  MPT  inhibition  (Polster  et  al.,  2001; 
Jurgensmeier  et  al.,  1998).  Bax-mediated  cytochrome  c 
release  occurs  by  a  selective  increase  in  the  permeabil¬ 
ity  of  the  mitochondrial  outer  membrane  with  no  ne¬ 
cessity  for  an  increase  in  inner  membrane  permeability 
(Polster  et  al.,  2001).  Bax  oligomerization  and  insertion 
in  the  outer  membrane  results  in  the  formation  of  pores 


sufficiently  large  to  allow  the  escape  of  cytochrome  c, 
SMAC-Diablo,  and  other  pro-apoptotic  proteins  from  the 
mitochondrial  intermembrane  space  into  the  cytosol.  The 
Bax  mechanism  of  release  is  insensitive  to  changes  in  mi¬ 
tochondrial  redox  state  (Fiskum  et  al.,  2000),  whereas  the 
MPT  mechanism  is  highly  sensitive  to  activation  by  an 
oxidized  shift  in  redox  state. 

Considerable  evidence  indicates  that  Bcl-2  inhibits 
Bax-mediated  cytochrome  c  release  by  heterodimerizing 
with  Bax  via  the  BH3  “death  domain”  common  to  all 
Bcl-2  family  proteins  and  by  sequestering  BH3  only  pro¬ 
teins  (Shangary  and  Johnson,  2002).  Different  BH3  do¬ 
main  only  proteins  have  different  affinities  for  Bcl-2  and 
Bcl-X/  (Chen  et  al.,  2005)  and  some,  e.g.,  BimEL,  may 
stimulate  Bax-induced  cytochrome  c  release  independent 
of  their  ability  to  interact  with  Bcl-2  or  Bcl-X/,  (Yam- 
aguchi  and  Wang,  2002).  According  to  a  recent  model, 
activator  BH3-only  proteins,  e.g.,  tBid,  can  directly  bind 
and  induce  Bax  oligomerization  and  mitochondrial  outer 
membrane  permeabilization,  while  sensitisers  (e.g..  Bad) 
bind  to  Bcl-2  and  disrupt  its  heterodimerization  with  Bax 
(Fig.  1)  (Letai  et  al.,  2002). 

THERAPEUTIC  TARGETING  OF  Bcl-2  FAMILY 
PROTEINS 

Extensive  experimental  evidence  supports  the  con¬ 
cept  of  targeting  Bcl-2  family  proteins  to  modulate  cell 
death  in  diverse  pathologic  conditions  such  as  cancer  or 
acute  and  chronic  neurodegeneration.  Despite  substantial 
progress  in  understanding  the  molecular  mechanisms  of 
action  of  Bcl-2  family  proteins,  translation  of  this  knowl¬ 
edge  into  effective  therapies  is  limited.  While  useful  in 
experimental  settings,  the  therapeutic  use  of  gene-based 
strategies  is  currently  limited.  Poor  delivery,  unequal  rates 
of  expression,  toxicity  and  safety  are  several  problems  as¬ 
sociated  with  this  approach  (Ferber,  2001). 

Several  other  approaches  are  pursued,  mostly  for 
targeting  anti-apoptotic  Bcl-2/Bcl-X/  proteins,  and  hold 
promise  for  generating  efficient  therapeutic  tools  for 
many  forms  of  cancer  (reviewed  in  Reed  and  Pellecchia, 
2005).  An  important  recent  development  is  the  dis¬ 
covery  of  several  classes  of  small-molecular  inhibitors 
of  Bcl-2  and  Bcl-X/  through  structure-based  computer 
database  screening  and  high-throughput  screening  of 
small-molecule  libraries  (reviewed  in  O’Neill  et  al.,  2004; 
Reed  and  Pellecchia,  2005). 

Therapeutic  delivery  of  “information-rich”  macro- 
molecular  compounds  is  another  promising  approach  ex¬ 
plored  for  delivery  of  full-length  Bcl-2  family  proteins 
and  delivery  of  related  peptides.  Delivery  of  biologically 
active  peptides  or  proteins  has  until  recently  been  limited 
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Fig.  1.  Mitochondrial  mechanisms  of  cytoprotection  by  Bcl-2.  Expression  of  Bcl-2 
causes  upregulation  of  antioxidant  gene  expression  resulting  in  protection  from  oxidative 
stress.  One  consequence  of  this  form  of  protection  is  inhibition  of  the  mitochondrial 
permeability  transition  (MPT),  thus  protection  cells  against  MPT-induced  metabolic 
failure,  generation  of  reactive  O2  species  (ROS),  and  rupture  of  the  outer  membrane 
resulting  in  loss  of  cytochrome  c,  Smac/DIABLO,  and  other  intermembrane  pro-apoptotic 
proteins.  In  addition,  by  binding  to  Bax  and  BH3-only  proteins,  e.g.,  tBid,  Bcl-2  inhibits 
mitochondrial  outer  membrane  pore  formation,  thereby  inhibiting  release  of  apoptotic 
proteins  and  mitochondrial  ROS  formation. 


by  their  poor  bioavailability  imposed  by  the  plasma  mem¬ 
brane  barrier.  Several  strategies,  including  linkage  to  non¬ 
toxic  fragments  of  cell-penetrating  toxins  and  receptor  lig¬ 
ands  such  as  transferrin,  and  incorporation  into  liposomes 
or  other  lipid-based  delivery  systems,  have  been  explored 
to  overcome  this  barrier  (Dalkara  et  al.,  2004;  Stenmark 
et  al.,  1991).  Delivery  of  the  anti-apoptotic  Bcl-X/  (Liu 
et  al. ,  1999),  or  pro-apoptotic  proteins  such  as  Bad  have 
been  reported  using  these  proteins  as  fusion  proteins  with 
diphtheria  toxin  (DT)  fragments  (Ichinose  et  al .,  2002). 

Protein  transduction  is  a  strategy  developed 
during  the  last  decade  that  allows  the  delivery  of 
various  membrane-impermeable  cargoes  in  a  receptor- 
independent  manner  in  virtually  any  cell  type,  including 
primary  cell  cultures,  and  in  vivo  in  various  tissues 
including  the  brain  (reviewed  in  Wadia  and  Dowdy, 
2003;  Joliot  and  Prochiantz,  2004).  This  new  technology 
has  a  tremendous  potential  for  overcoming  the  barrier 
imposed  by  the  plasma  membrane  to  deliver  therapeutic 
macromolecules. 

Protein  Transduction 

The  concept  of  protein  transduction  originated  from 
observations  that  certain  proteins,  e.g.,  the  HIV-1  TAT 
(Frankel  and  Pabo,  1988;  Green  and  Loewenstein,  1988) 
and  the  homeodomain  protein  Antennapedia  (Antp) 
(Derossi  et  al .,  1994)  can  enter  cells  in  a  receptor 
independent-manner.  Based  on  work  with  homeodomain 


proteins,  the  concept  of  “messenger”  proteins  was 
proposed,  according  to  which  these  proteins  would  reg¬ 
ulate  neighboring  cells  in  a  paracrine  mode  (Joliot  and 
Prochiantz,  2004).  The  ability  of  Antp  and  TAT  to  en¬ 
ter  cells  was  mapped  to  short  domains,  named  protein 
transduction  domains  (PTD).  PTDs,  also  known  as  cell- 
penetrating  peptides  (CPPs),  are  comprised  of  short  basic 
peptides  of  various  origins  that  can  cross  biological  mem¬ 
branes.  When  fused  to  other  molecules,  some  of  these 
PTDs  promote  the  delivery  of  attached  cargoes  (protein 
and  non-protein)  into  cells.  The  highly  cationic  HIV-1 
TAT-PTD,  the  third  helix  of  Antennapedia  homeodomain 
protein  and  polyarginine  are  the  best  characterized  PTDs. 

The  TAT(47-57)  PTD  is  a  10  aminoacids 
(YGRKKRRQRR)  peptide  derived  from  the  human  im- 
munodefficiency  virus  (HIV)- 1  transactivator  of  transcrip¬ 
tion  (TAT)  protein.  In  1988,  two  groups  reported  indepen¬ 
dently  that  the  HIV-1  TAT  protein  can  translocate  inside 
cells  (Frankel  and  Pabo,  1988;  Green  and  Loewenstein, 
1988).  Fawell  et  al.  showed  that  heterologous  proteins 
can  be  delivered  into  cells  when  chemically  cross-linked 
with  a  36  aminoacids  peptide  from  HIV-1  TAT(37-72) 
and  demonstrated  the  applicability  of  this  approach  to 
deliver  proteins  in  vivo  in  mice  (Fawell  et  ai,  1994). 
Vives  et  al.,  determined  that  the  basic  domain  (residues 
49-60)  in  the  HIV-1  TAT  retains  the  transduction  po¬ 
tential  (Vives  et  al.,  1997).  Using  the  TAT(47-57)  PTD, 
Dowdy’s  group  developed  a  convenient  method  for  trans¬ 
duction  of  proteins  based  on  a  in  frame  fusion  strategy 
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that  facilitated  the  delivery  of  a  large  variety  of  proteins. 
Delivery  of  large  protein  cargoes  (up  to  120  kDa)  occurs 
both  in  cells,  and  in  vivo  in  mice,  and  most  tissues  in¬ 
cluding  the  brain  are  transduced  without  toxic  effects 
(Schwarze  et  al.,  1999). 

The  third  helix  of  the  Drosophila  melanogaster 
homeodomain  protein  Antennapedia  also  translocates  in¬ 
side  cells  in  a  receptor  and  energy-independent  man¬ 
ner  (Derossi  et  al.,  1994).  The  16  aminoacids  trans¬ 
duction  domain  of  Antennapedia  (aminoacids  43-58; 
pAntp),  also  known  as  Penetratin,  was  used  to  deliver 
various  cargoes  such  as  peptides,  proteins  and  anti- 
sense  oligonucleotides  (Dietz  and  Bahr,  2004;  Joliot  and 
Prochiantz,  2004).  The  Herpes  simplex  virus  tegument 
protein  VP22  is  another  cell  translocating  protein.  Un¬ 
like  the  TAT-PTD  and  Antennapedia,  VP22  mediates 
intercellular  transport  upon  being  secreted  from  cells 
(Elliott  and  O’Hare,  1997). 

Numerous  other  PTDs  have  been  reported  and  are 
derived  from  viral  and  cellular  proteins  or  antibacte¬ 
rial  peptides;  synthetic  CPPs  have  also  been  designed 
(Dietz  and  Bahr,  2004;  Futaki,  2002).  On  the  basis  of 
observation  that  PTDs  such  as  TAT-PTD  and  pAntp  are 
highly  enriched  in  basic  aminoacids,  especially  arginine, 
arginine  polymers  of  various  lengths  were  tested  and 
the  R$  and  R<>  oligomers  were  found  to  transduce  cells 
even  more  efficiently  than  the  original  TAT-PTD  pep¬ 
tide  (Wender  et  al. ,  2000;  Futaki,  2002).  To  facilitate 
protein  delivery  without  the  need  of  covalent  linkage  to 
the  cargo,  Morris  et  al.  designed  the  21-mer  Pep-1  pep¬ 
tide  that  can  bind  proteins  and  promote  cellular  trans¬ 
duction  (Morris  et  al.,  2001).  One  study  indicated  that 
Pep- 1  is  also  efficient  when  used  as  a  fusion  protein  and 
transduces  superoxide  dismutase  into  the  brains  of  mice 
(Sik  et  al.,  2004). 

Transduction  of  both  PTDs  and  attached  cargoes  was 
initially  reported  to  occur  rapidly  (minutes)  in  a  recep¬ 
tor  and  temperature-independent  manner.  Other  studies 
examining  the  transduction  of  protein  cargoes  reported 
a  much  slower  rate  of  uptake  (hours)  (Fittipaldi  et  al., 
2003).  PTD-mediated  delivery  is  dose-dependent  and  cel¬ 
lular  uptake  occurs  uniformly  in  close  to  100%  of  the 
cells  exposed.  While  transduction  occurs  into  almost  all 
cell  types,  internalization  is  not  observed  in  some  cell 
types  (MDCK,  CaCo-2)  (Violini  et  al.,  2002;  Kramer  and 
Wunderli-Allenspach,  2003).  PTDs  are  usually  used  at 
(jM  concentrations  (1-10  //M)  and  most  applications  with 
fused  proteins  use  nM  concentrations  (~100nM).  Trans¬ 
duction  of  a  biologically  active  modified  Bcl-X/  can  oc¬ 
cur  even  at  pM  concentrations  (Asoh  et  al.,  2002).  Most 
of  the  PTDs  lack  toxic  effects  at  these  doses.  Toxicity 
occurs  only  at  very  high  doses  of  TAT  basic  domain  and 


pAntp  (Jia  et  al.,  2001;  Bolton  etal.,  2000)  and  might  be  a 
concern  for  CPPs  derived  from  pore-forming  antibacterial 
peptides  (Takeshima  et  al.,  2003). 

The  list  of  cargoes  delivered  and  the  number  of  po¬ 
tential  applications  is  continually  increasing,  and  was 
recently  reviewed  in  detail  by  Dietz  and  Bahr  (2004). 
Beside  proteins,  other  notable  examples  of  cargoes  in¬ 
clude  plasmid  DNA  complexed  with  TAT  monomers 
or  TAT  oligomers  and  antisense  oligonucleotides.  Other 
small  non-protein  cargoes  such  as  drugs,  doxorubicin,  cy¬ 
closporin  A  or  large  cargoes  such  as  liposomes,  phage 
particles  and  even  nanoparticles  were  also  delivered.  In 
addition,  the  TAT-PTD  can  facilitate  viral-mediated  gene 
expression  (Dietz  and  Bahr,  2004). 

MODULATION  OF  MITOCHONDRIA- 
DEPENDENT  CELL  DEATH  THROUGH 
PROTEIN  TRANSDUCTION 

Delivery  of  Pro-Apoptotic  and  Anti- 
Apoptotic  Peptides 

The  ability  of  PTDs  to  facilitate  intracellular  deliv¬ 
ery  has  been  utilized  to  modulate  apoptotic  cell  death  by 
transduction  of  small  PTD-linked  peptides.  The  BH3  do¬ 
main,  encompassing  an  amphipathic  cv-helix,  is  shared  by 
all  Bcl-2  family  proteins  and  is  required  for  the  dimer¬ 
ization  and  death-inducing  ability  of  pro-apoptotic  Bcl-2 
proteins,  especially  the  BH3-only  proteins.  The  BH3  do¬ 
main  of  pro-apoptotic  proteins  binds  to  the  hydrophobic 
groove  created  by  the  BH3,  BH2  and  BH 1  domains  of  anti- 
apoptotic  Bcl-2-like  proteins  (reviewed  in  Petros  et  al., 
2004).  Synthetic  BH3  peptides  (~16-mer)  can  mimic 
the  functionality  of  BH3-only  proteins,  induce  Bax/Bak 
oligomerization,  and  antagonize  anti-apoptotic  Bcl-2  and 
Bcl-X/  proteins  by  disrupting  their  complexes  with  pro- 
apoptotic  Bax  and  Bak.  The  functionality  of  several  BH3 
peptides  was  demonstrated  in  cells  and  in  isolated  mi¬ 
tochondria,  where  they  are  able  to  trigger  the  release 
of  apoptogenic  factors  (Cyt  C,  EndoG,  Smac/DIABLO 
and  AIF)  from  the  mitochondrial  intermembrane  space 
(sPolster  et  al.,  2001;  Letai  et  al.,  2002). 

Unlike  the  BH3  peptides  alone,  BH3  domain  pep¬ 
tides  fused  to  TAT-PTD,  pAntp  or  polyarginine  are 
rapidly  internalized  into  cells  through  protein  transduc¬ 
tion,  and  subsequently  induce  apoptosis  (Letai  etal.,  2002; 
Holinger  et  al.,  1999).  While  useful  experimental  tools, 
cell-penetrating  BH3  peptides  derived  from  pro-apoptotic 
Bcl-2  proteins  are  also  explored  as  a  potential  treatment 
for  various  forms  of  cancer.  Using  a  hydrocarbon  stapling 
strategy,  Korsmeyer’s  group  generated  BH3  peptides  with 
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improved  stability  and  affinity  that  are  effective  at  inhibit¬ 
ing  the  growth  of  leukemia  xenografts  in  vivo  (Walensky 
et  al.,  2004).  The  stapled  peptides  are  internalized  through 
macropinocytosis,  a  mechanism  shown  recently  to  medi¬ 
ate  internalization  of  the  TAT-PTD  (Wadia  et  al.,  2004) 
and  polyarginine  (Nakase  et  al.,  2004). 

PTD-mediated  delivery  of  small  peptides  is  also  used 
to  inhibit  apoptotic  cell  death.  The  BH4  domain,  shared 
only  by  anti-apoptotic  Bcl-2  proteins,  is  required  for  in¬ 
teraction  with  several  non-Bcl-2  family  proteins  and  for 
anti-apoptotic  activity.  Shimizu  et  al.  reported  that  a  syn¬ 
thetic  peptide  corresponding  to  the  BH4  domain  of  Bcl- 
X/.  can  enter  cells  and  inhibit  etoposide-induced  apoptotic 
death  when  fused  to  TAT-PTD  (Shimizu  et  al.,  2000).  TAT- 
BH4  is  also  effective  in  vivo  and  inhibits  X-ray-induced 
apoptosis,  Fas-induced  fulminant  hepatitis  in  mice,  and 
ischemia-reperfusion  injury  in  isolated  rat  heart  (Sugioka 
et  al.,  2003;  Chen  et  al.,  2002).  The  BH4  domain  of  the 
anti-apoptotic  Bcl-2  is  also  effective  at  protecting  coro¬ 
nary  endothelial  cells  against  oxidative  stress-induced 
death  (Cantara  et  al.,  2004). 

Activation  of  the  multidomain  Bax/Bak  proteins  is 
required  for  activation  of  the  intrinsic,  mitochondria- 
dependent  cell  death  pathway.  Cells  lacking  both  these 
proteins  display  long-term  protection  against  multiple 
apoptotic  stimuli  (Wei  etal.,  2001).  While  protein-protein 
interaction  and  structural  studies  of  Bcl-2  proteins  pro¬ 
vide  a  strong  support  for  use  of  BH3  peptides  as  death 
inducers,  no  such  candidate  protein  domains  emerged, 
until  recently,  for  inhibition  of  Bax/Bak  activation.  Re¬ 
cent  studies  revealed  that  Bax  translocation  from  cytosol 
to  mitochondria  is  suppressed  by  the  DNA  repair  protein 
Ku70  (Sawada  et  al.,  2003)  and  a  similar  role  was  demon¬ 
strated  for  the  short  peptide  humanin  (Guo  et  al.,  2003). 
A  pentapeptide  derived  from  the  Bax-binding  sequence 
of  Ku70,  termed  BIP  (Bax  inhibitory  peptide),  was  tested 
for  potential  suppression  of  Bax  activity.  The  BIP  peptide 
is  cell-permeable  and  protects  against  cell  death  induced 
by  cytotoxic  drugs  (Sawada  et  al.,  2003). 

Humanin,  a  24  aminoacids  endogenous  peptide,  ini¬ 
tially  discovered  as  an  inhibitor  of  amyloid-/!  induced 
neuronal  death  (Hashimoto  et  al.,  2001),  binds  and  sta¬ 
bilizes  Bax  in  the  cytosol  in  an  inactive  conformation 
(Guo  et  al.,  2003).  Reed’s  group  also  demonstrated  that 
in  addition  to  Bax,  humanin  binds  to  and  inhibits  the 
pro-apoptotic  activity  of  the  BH3-only  proteins  Bid  (Zhai 
et  al.,  2005)  and  Bim-EL  (Luciano  et  al.,  2005).  The 
ability  of  humanin  to  target  and  antagonize  the  activity 
of  multiple  pro-apoptotic  proteins  makes  it  an  attractive 
candidate  for  cytoprotection.  These  studies  also  demon¬ 
strated  that  polyarginine-mediated  transduction  of  the  hu¬ 
manin  peptide  into  cells  is  effective  at  inhibiting  Bid  and 


BimEL-induced  death  (Zhai  et  al.,  2005;  Luciano  et  al., 
2005). 

Delivery  of  Bcl-2  Family  Proteins 

The  anti-death  Bcl-2  family  members  Bcl-2  and  Bcl- 
X/.  inhibit  apoptosis  and  are  also  effective  at  protect¬ 
ing  against  necrotic  forms  of  cell  death  (Myers  et  al., 
1995;  Kane  et  al.,  1995).  Korsmeyer’s  group  proposed 
over  a  decade  ago  the  rheostat  model,  according  to  which 
the  anti-apoptotic  Bcl-2/Bcl-X/,  bind  and  neutralize  pro- 
apoptotic  Bcl-2  family  proteins  and  their  relative  balance 
determines  cell  death  or  survival  (Korsmeyer  et  al.,  1993). 
In  addition  to  antagonizing  the  pro-apoptotic  activity  of 
multidomain  Bax/Bak  and  to  sequester  BH3-only  pro¬ 
teins  (Bid,  Bim,  Bad  and  others),  early  studies  indicated 
that  the  cytoprotective  activity  of  Bcl-2  and  more  recently 
that  of  Bcl-X/  and  Mcl-1,  is  at  least  in  part  due  to  addi¬ 
tional  mechanisms  including  their  ability  to  increase  pro¬ 
tection  against  oxidative  stress  (Hockenbery  et  al.,  1993; 
Kowaltowski  et  al.,  2000,  2004).  The  multitasking  nature 
of  Bcl-2  cytoprotective  activity  cannot  be  mimicked  by 
small  drugs  or  peptide  domains.  Therefore  delivery  of 
“information-rich”  macromolecules,  i.e.,  full-length  pro¬ 
teins,  should  be  the  most  effective  approach  at  cytopro¬ 
tection. 

Several  groups  have  employed  protein  transduction 
to  deliver  anti-apoptotic  Bcl-2  family  proteins  into  cul¬ 
tured  cells  and  in  vivo  into  the  brain  in  models  of  neu¬ 
ral  cell  death.  A  TAT-PTD  fused  Bcl-X/,  was  efficiently 
transduced  and  protected  retinal  ganglion  cells  following 
optic  nerve  transsection  (Dietz  et  al.,  2002).  This  group 
also  demonstrated  that  pretreatment  with  TAT-Bcl-X/,  by 
intravenous  injection  reduces  ischemia/reperfusion  brain 
injury  in  mice  (Kilic  etal.,  2002).  Using  a  TAT-fused  Bcl- 
XL  construct,  Cao  et  al.  also  showed  that  transduction 
and  neuroprotection  can  be  achieved  both  in  vitro  and  in 
vivo.  In  this  study,  a  significant  protection  against  brain 
ischemia/reperfusion  was  observed  even  when  the  pro¬ 
tein  was  injected  intraperitoneally  after  the  ischemic  pe¬ 
riod  (Cao  et  al.,  2002).  Another  study  used  TAT-mediated 
transduction  of  a  mutated  Bcl-X/  (FNK)  with  increased 
anti-apoptotic  activity  and  showed  greater  protection  in 
cultured  cells  and  in  vivo  against  ischemia/reperfusion 
than  that  obtained  with  PTD-Bcl-X/,  (Asoh  et  al.,  2002). 
The  same  approach  was  also  used  to  deliver  Bcl-X/, 
to  pancreatic  islets  (Embury  et  al.,  2001)  and  FNK  to 
chondrocytes  in  cartilage  slice  culture  (Ozaki  et  al., 
2004). 

While  these  studies  indicate  that  protein  transduc¬ 
tion  of  Bcl-2  family  proteins  or  peptides  could  become 
an  effective  therapeutic  tool,  a  detailed  understanding  of 
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the  mechanisms  of  intracellular  delivery  of  functional 
proteins  is  needed,  as  several  practical  limitations  have 
emerged.  We  recently  explored  the  transduction  of  a  mod¬ 
ified  Bcl-2  protein  in  neural  cells,  and  investigated  the 
mechanisms  involved  in  intracellular  delivery.  For  this 
purpose,  a  TAT-fusion  protein  was  generated  with  a  loop 
deleted  Bcl-2  protein.  Transducible  TAT-Bcl-2  Aloop  pro¬ 
tein  confers  significant  protection  in  several  neuronal  cell 
lines  against  staurosporine  or  trophic  factor  withdrawal- 
induced  death  (Fig.  3  and  unpublished  results).  Similar 
to  recent  findings  from  other  laboratories,  our  results  in¬ 
dicate  that  transduction  of  Bcl-2  in  neuronal  cell  lines 
is  mediated  through  an  endocytotic  pathway  rather  than 
through  transduction  mechanism. 

MECHANISM  OF  PTD-MEDIATED 
PROTEIN  DELIVERY 

Direct  Membrane  Translocation  of  PTDs 

The  mechanism  of  PTD-mediated  transduction  is 
not  entirely  understood.  The  full-length  HIV-1  TAT  en¬ 
ters  cells  through  adsorptive  endocytosis  in  a  receptor- 
independent  manner  (Mann  and  Frankel,  1991).  In  con¬ 
trast,  internalization  of  TAT-PTD  and  pAntp  involves 
a  distinct  process  named  “transduction”.  Early  reports 
indicated  that  transduction  is  effective  even  at  4  C,  in 
the  absence  of  endocytosis,  and  is  energy  and  receptor- 
independent  (Vives  et  al.,  1997;  Derossi  et  al.,  1994). 
While  it  is  known  that  polybasic  peptides,  e.g.,  lysine 
polymers,  stimulate  the  uptake  of  cargoes  into  cells 
through  adsorptive  endocytosis  (Ryser  et  al.,  1978),  the 
energy  and  receptor-independent  characteristics  of  PTD 
uptake,  appeared  to  distinguish  transduction  from  most 
classic  forms  of  internalization. 

The  numerous  biochemical  and  biophysical  studies 
aimed  at  elucidating  the  process  of  PTD  internalization 
suggest  that  transduction  is  a  multistep  process  initiated 
by  interaction  of  CPPs  with  the  cell  surface  (either  with 
membrane  lipids  or  negatively  charged  cell  surface  con¬ 
stituents).  Binding  is  followed  by  internalization  through 
either  an  undefined  mechanism  involving  a  direct  mem¬ 
brane  translocation  step  or  by  the  better  characterized  pro¬ 
cess  of  endocytosis  (Fig.  2).  Although  exhibiting  diverse 
structures,  most  CPP  share  a  high  content  of  basic  amino 
acids.  The  polycationic  character  of  CPP  is  one  of  the 
most  important  structural  requirements,  as  indicated  by 
the  correlation  between  the  number  of  basic  residues  and 
efficiency  of  transduction  (Wender  et  al.,  2000).  While 
positive  charge  is  important,  arginine  appears  to  play  a 
unique  role.  The  guanidium  group  of  arginine,  rather  than 
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simply  a  positive  charge,  is  required  for  efficient  inter¬ 
nalization,  and  replacement  by  an  ammonium  group  re¬ 
duces  translocation  (Wender  et  al.,  2000).  The  uptake  of 
oligoarginine  is  consistently  more  efficient  than  that  of 
lysine  or  histidine  oligomers  (Mitchell  et  al.,  2000).  The 
presence  of  arginine  may  facilitate  a  transduction  mecha¬ 
nism,  while  lysine-rich  CPPs  promote  endocytosis  (Zaro 
and  Shen,  2003).  Hydrophobicity  and  amphipathicity  also 
play  a  role  in  transduction  of  some  CPPs.  Unlike  the  TAT- 
PTD  and  polyarginine,  pAntp  contains  several  hydropho¬ 
bic  residues.  The  central  hydrophobic  core  composed  of 
the  W6,  F7  aminoacids  appears  critical  for  transduction 
(Dorn  et  al.,  2003). 

Several  models  have  been  proposed  to  explain  the 
apparent  ability  of  PTDs  to  translocate  across  cellular 
membranes  (Fig.  2).  Transient  formation  of  inverted  mi¬ 
celles  initiated  by  binding  of  the  basic  PTDs  to  negatively 
charged  membrane  lipids  is  suggested  for  pAntp,  TAT- 
PTD  and  Pep-1  (Derossi  et  al.,  1994;  Vives  et  al.,  1997; 
Henriques  and  Castanho,  2004).  Another  mechanism  in¬ 
volves  formation  of  a  pore  allowing  passage  of  small  pep¬ 
tides  through  membranes,  as  proposed  for  Pep-1  and  for 
CPPs  derived  from  pore-forming  antimicrobial  peptides 
(Deshayes  et  al.,  2004;  Takeshima  et  al.,  2003).  How¬ 
ever,  PTDs  such  as  TAT-PTD  and  polyarginine  are  highly 
charged  and  do  not  contain  hydrophobic  residues  required 
for  formation  of  inverted  micelles.  It  is  also  difficult  to 
explain  through  these  models  the  internalization  of  very 
large  cargoes  as  shown  for  the  TAT-PTD.  While  TAT-PTD 
can  interact  with  negatively  charged  lipids,  binding  to  neg¬ 
atively  charged  heparan  sulfate  proteoglycans  (HSPG)  at 
the  cell  surface  appears  more  likely  (Ziegler  et  al.,  2003). 
Partial  insertion  of  pAntp  into  lipid  membranes  is  also 
documented  (Joliot  and  Prochiantz,  2004).  Despite  evi¬ 
dence  for  binding  to  membrane  lipids,  actual  transloca¬ 
tion  across  model  lipid  membranes  or  intact  plasma  mem¬ 
brane  of  cells  was  not  observed  for  TAT-PTD  (Kramer  and 
Wunderli-Allenspach,  2003).  For  pAntp  and  for  Pep-1,  a 
few  studies  support  a  direct  translocation  model  (Dom 
et  al.,  2003),  while  others  indicate  that  actual  internaliza¬ 
tion  occurs  through  endocytosis  (Drin  et  al.,  2003). 

PTD-Mediated  Endocytosis 

Studies  performed  in  living  cells  without  fixation  in¬ 
dicate  that  contrary  to  initial  reports,  PTDs  (TAT-PTD, 
polyarginine  and  pAntp)  and  PTD-fused  proteins  are  un¬ 
able  to  enter  cells  at  4  C  (Richard  et  al.,  2003;  Lundberg 
et  al.,  2003;  Drin  et  al.,  2003).  Strong  cell-surface  associ¬ 
ation  of  polycationic  PTDs  and  artifactual  redistribution 
following  fixation  result  in  apparent  uptake  at  4  C  and 
cytosolic  or  nuclear  staining.  Moreover,  PTDs  and  fused 
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Fig.  2.  Mechanism  of  protein  transduction.  Direct  membrane  translocation.  Cationic  PTDs  bind  to  negatively  charged  membrane  lipids 
and  translocate  across  plasma  membrane  into  cytosol.  Direct  translocation  occurs  through  either  (I)  transient  formation  of  inverted  micelles 
or  (II)  formation  of  a  pore-like  structure  allowing  direct  cytosolic  delivery.  Endocytotic  uptake.  Binding  to  the  negatively  charged  cell- 
surface  HSPG  (syndecans  or  glypicans)  is  followed  by  endocytotic  uptake  of  PTDs  through  (III)  a  clathrin-dependent,  receptor-mediated 
pathway  or  a  lipid  raft-dependent  pathway.  Lipid  raft-dependent  endocytosis  can  occur  either  through  (IV)  a  caveolar/caveolar-like 
pathway  or  (V)  through  raft-dependent  macropinocytosis.  Cytosolic  delivery  of  PTDs  (dotted  line)  might  involve  a  direct  translocation 
process  where  in  this  case  the  mechanisms  (I)  and  (II)  might  take  place  at  the  endosomal  membrane.  PTD-induced  endosome  disruption 
or  constitutive  endosomal  leakage  could  also  mediate  cytosolic  delivery.  Another  possible  pathway  involves  retrograde  transport  to  Golgi 
and  ER  with  subsequent  cytosolic  release. 


proteins  have  been  detected  in  vesicular  structures  inside 
the  cells,  suggesting  endocytotic  uptake  (Richard  et  al., 
2003;  Lundberg  et  al.,  2003;  Drin  et  al.,  2003). 

The  clathrin-dependent,  receptor-mediated  en¬ 
docytotic  pathway  is  the  best-characterized  form  of 
internalization  of  membranes  and  proteins.  Clathrin- 
independent  endocytotic  pathways  include  caveolar- 
endocytosis  and  macropinocytosis.  Unlike  clathrin- 
dependent  endocytosis,  most  of  these  internalization 
pathways  are  sensitive  to  disruption  of  the  plasma 
membrane  lipid  rafts  (Nichols  and  Lippincott-Schwartz, 
2001).  The  lipid-raft  dependent  caveolar  pathway  is 
involved  in  internalization  of  the  full  length  HIV-1  TAT 
and  of  a  TAT-PTD  fused  GFP  protein  in  HeLa  cells 
(Fittipaldi  et  al.,  2003).  Caveolae,  first  identified  in 


endothelial  cells  (Palade,  1953),  are  found  in  many  other 
cell  types,  although  they  have  not  been  detected  in  lym¬ 
phocytes  and  neurons  (Razani  et  al.,  2002),  suggesting 
that  endocytosis  of  TAT-fusion  proteins  might  occur  in  a 
cell-specific  manner.  For  instance,  in  lymphoid  cells,  an 
alternate,  lipid  raft-dependent,  macropinocytotic  pathway 
is  involved  in  the  internalization  of  both  TAT-PTD 
and  TAT-fusion  proteins  (Wadia  et  al.,  2004;  Kaplan 
et  al.,  2005).  In  neurons,  internalization  of  full-length 
HIV-1  TAT  occurs  through  a  LRP  receptor-dependent 
pathway,  but  the  mechanism  of  TAT-PTD  mediated 
uptake  has  not  been  examined.  Since  binding  of  full 
length  TAT  to  LRP  occurs  through  a  different  domain 
of  TAT  (34 — 47 )  than  its  PTD  (47-57)  (Liu  et  al.,  2000), 
it  is  likely  that  such  a  receptor-mediated  pathway  is  not 
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Fig.  3.  Transduction  of  TAT-Bcl-2Aloop  protein.  (A)  Transduction  of  TAT-Bcl-2Aloop  was  examined  in  SH-SY5Y  neuroblastoma  cells  incubated 
with  the  protein  (200  nM)  for  1  h  at  37  C  or  4  C.  TAT-Bcl-2Aloop  uptake  was  examined  by  immunoblotting  with  an  anti-Bcl-2  antibody  and 
was  detected  as  an  additional  band  with  a  lower  molecular  weight  than  endogenous  Bcl-2  (upper  band).  Trypsin  treatment  was  performed  at 
the  end  of  incubation  to  eliminate  the  cell-surface  bound  protein  and  indicated  that  TAT-Bcl-2Aloop  is  internalized  at  37  C  but  not  at  4  C.  A 
control  protein  (STD)  was  completely  digested  in  the  same  conditions  in  the  absence  of  cells.  (B)  The  cells  were  pretreated  with  an  inhibitor 
of  clathrin-dependent  endocytosis  (chlorpromazine,  10 /zM)  or  with  the  lipid  raft  disrupting  agent  nystatin  (50/zg/ml)  and  the  internalization 
of  TAT-Bcl-2Aloop  (lOOnM;  1  h,  37  C)  examined  as  in  (A).  Disruption  of  lipid  rafts  but  not  of  clathrin-dependent  endocytosis  inhibited 
internalization  of  TAT-Bcl-2Aloop.  (C)  SH-SY5Y  cells  pretreated  with  TAT-Bcl-2Aloop  (lOOnM)  were  exposed  to  staurosporine  (STS;  lOOnM) 
for  18  h  then  cell  survival  examined  by  the  live/dead  assay  by  staining  the  cells  with  Calcein-AM  (viable  cells;  upper  panel)  and  ethidium 
homodimer  (dead  cells;  lower  panel).  Pretreatment  with  TAT-Bcl-2Aloop  resulted  in  significant  protection  (48.15%)  against  STS-induced  death 
(n  =  4,  p  <  0.05). 


involved  in  internalization  of  TAT-PTD  or  of  TAT-fusion 
proteins. 

We  recently  examined  the  mechanisms  involved  in 
TAT-mediated  internalization  of  Bcl-2  using  neural  cells. 
Using  trypsinization  to  eliminate  the  cell-surface  bound 
protein,  we  found  that  internalization  of  TAT-Bcl-2Aloop 
protein  (35%  of  total  cellular)  occurs  at  37  C  but  not  at 
4  C  (Fig.  3  A).  Since  all  forms  of  endocytosis  are  inhibited 
at  4  C,  this  finding  suggests  that  an  endocytotic  process 
rather  than  a  temperature-independent  transduction  mech¬ 
anism  is  involved.  Consistent  with  this  hypothesis,  fluo¬ 
rescence  microscopy  of  live  cells  transduced  with  both 
an  FITC-labeled  TAT-Bcl-2Aloop  protein  or  a  TAT-YFP 
protein  reveal  a  vesicular  distribution  (Soane  and  Fiskum, 
unpublished). 

The  lipid  raft-disrupting  agent  nystatin,  that  se¬ 
questers  plasma  membrane  cholesterol,  was  used  to  test 
for  possible  involvement  of  a  lipid  raft-dependent  endo¬ 
cytotic  pathway  in  internalization  of  TAT-Bcl-2Aloop. 
A  marked  inhibition  of  internalization  was  observed  in 
SF1-SY5Y  neuroblastoma  cells  (Fig.  3B).  In  addition, 


inhibition  of  clathrin-mediated  endocytosis  with  the 
specific  inhibitor  chlorpromazine  does  not  affect  the  in¬ 
ternalization  of  TAT-Bcl-2Aloop  (Fig.  3B).  Fluorescence 
microscopy  of  transduced  TAT-YFP  also  indicates  that 
the  protein  does  not  colocalize  with  transferrin,  a  marker 
of  clathrin-mediated  endocytosis.  Moreover,  significant 
colocalization  was  observed  with  70kDa  Dextran,  a 
marker  of  fluid  phase  endocytosis  (Soane  and  Fiskum,  un¬ 
published).  Thus,  like  in  other  cells,  TAT-mediated  protein 
internalization  of  Bcl-2  in  neural  cells  also  occurs  through 
a  clathrin-independent  and  raft-dependent  pathway. 

While  the  direct  membrane  translocation  mechanism 
might  still  be  involved  in  internalization  of  PTDs  and 
small  cargoes,  the  delivery  of  protein  cargoes  is  most 
likely  mediated  through  endocytosis.  Internalization  of 
TAT-fusion  proteins  is  apparently  mediated  in  most  cell 
types  through  endocytotic  pathways  originating  at  the 
plasma  membrane  lipid  rafts,  and  can  follow  a  caveolar 
or  non-caveolar  route,  e.g.,  macropinocytosis  or  other  less 
well  characterized  raft-dependent  pathways  (Fig.  2).  Raft 
dependence  of  internalization  was  also  noted  in  some  cell 
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types  for  other  cargoes  transduced  by  TAT-PTD,  such  as 
plasmid  DNA  and  phage  particles  (Ignatovich  et  al.,  2003; 
Eguchi  et  al.,  2001).  In  addition,  similar  to  the  TAT-PTD, 
polyarginine  was  also  shown  recently  to  be  internalized 
through  macropinocytosis  in  HeLa  cells  (Nakase  et  al., 

2004) . 

Contrary  to  this  model,  however,  are  observations  of 
partial  colocalization  with  markers  of  clathrin-dependent 
endocytosis  as  reported  for  PTDs  (Richard  et  al.,  2003; 
Potocky  et  al.,  2003)  and  for  fusion  proteins  (Sengoku 
et  al.,  2004).  In  this  later  study,  however,  the  proteins  ap¬ 
peared  inactive  and  sequestered  in  endosomes.  Some  stud¬ 
ies  also  report  a  lack  of  inhibition  of  TAT-PTD  or  pAntp 
uptake  by  cholesterol-sequestering  agents  and  suggest  that 
internalization  of  PTDs  is  not  limited  to  raft-dependent 
pathways  (Drin  et  al.,  2003;  Richard  et  al.,  2005).  Con¬ 
sistent  with  this  interpretation,  TAT-PTD  can  enter  at  least 
HeLa  cells  through  a  clathrin-mediated  pathway  (Richard 
et  al.,  2005).  However,  in  lymphoid  cells,  macropinocy¬ 
tosis  is  involved  in  internalization  of  both  TAT-PTD  and 
TAT-Cre  fusion  protein  (Wadia  et  al.,  2004;  Kaplan  et  al., 

2005) .  On  the  other  hand,  using  the  same  cell  type  (HeLa 
cells)  different  endocytotic  mechanisms  are  involved  in 
internalization  of  TAT-PTD  (clathrin-mediated)  (Richard 
etal.,  2005)  and  polyarginine  (macropinocytosis)  (Nakase 
et  al.,  2004). 

The  characteristics  of  PTD-mediated  internalization 
are  reminiscent  of  the  cholera  toxin  can  be  internalized 
by  both  clathrin-dependent  and  independent  pathways. 
However,  cholera  toxin  is  active  only  when  it  is  endo- 
cytosed  through  non-clathrin  and  raft-dependent  endo¬ 
cytosis,  leading  to  Golgi  localization  and  subsequent  cy¬ 
tosolic  delivery  (Nichols  and  Lippincott-Schwartz,  2001). 
Sequence  similarities  between  the  TAT-PTD  and  several 
bacterial  toxins  that  use  the  retrograde  transport  system  to 
reach  the  ER  and  Golgi  were  noted  recently  (Fischer  et  al., 
2004).  Most  of  these  arginine-rich  motifs  belong  to  tox¬ 
ins  or  proteins  known  to  utilize  a  non-clathrin-mediated 
and  cholesterol-sensitive  endocytotic  pathway  for  inter¬ 
nalization.  Currently,  no  explanation  is  available  for  these 
differences  in  the  endocytotic  pathways  mediating  trans¬ 
duction,  other  than  the  possible  influence  of  the  attached 
cargo  and  differences  in  the  structure  of  the  PTDs  used. 
One  possibility  is  that  the  internalization  pathway  is  mod¬ 
ulated  by  specific  interaction  of  PTDs  with  cell-surface 
proteoglycans. 

Role  of  Heparan  Sulfate  Proteoglycans 

Heparan  sulfate  proteoglycans  (HSPG)  can  medi¬ 
ate  endocytotic  uptake  of  various  endogenous  ligands. 


including  basic  fibroblast  growth  factor  (FGF),  lipopro¬ 
teins,  or  pathogens,  e.g.,  bacteria  (Belting  et  al.,  2003). 
Reports  indicating  that  heparin,  a  structural  analogue  of 
heparan  sulfate,  inhibits  internalization  of  HIV- 1  TAT  and 
that  the  TAT-PTD  can  bind  heparin  suggest  a  possible 
role  of  HSPG  in  PTD-mediated  internalization  (Mann  and 
Frankel,  1991;  Hakansson  et  al.,  2001).  Using  CHO  cells 
defective  in  heparan  sulfate  (HS)  synthesis,  Tyagi  et  al. 
clearly  demonstrated  that  internalization  of  TAT  and  TAT- 
PTD  fused  proteins  is  dependent  on  binding  to  HSPG. 
Heparan  sulfate  but  not  chondroitin  sulfate  (CS)  was  re¬ 
quired  for  internalization  (Tyagi  et  al.,  2001 ).  Other  stud¬ 
ies  have  shown  that  binding  to  HSPG  is  also  required  for 
internalization  of  the  TAT-PTD  and  polyarginine  (Suzuki 
et  al.,  2002;  Richard  et  al.,  2005). 

HS  is  present  on  cells  mainly  on  two  classes  of 
membrane-anchored  proteoglycans  (PG),  i.e.,  syndecans 
and  glypicans.  Expression  of  PG  is  affected  by  multi¬ 
ple  factors  and  is  developmentally  regulated  (Bandtlow 
and  Zimmermann,  2000).  Most  cells  contain  PG  of  both 
types  and  their  ubiquitous  distribution  might  explain  the 
ability  of  PTDs  to  transduce  virtually  any  cell  type.  Glyp¬ 
icans  are  enriched  in  lipid  rafts  and  are  therefore  logi¬ 
cal  candidates  for  raft-dependent  internalization  of  TAT- 
delivered  Bcl-2  or  other  proteins  and  PTDs.  However, 
ligand  binding  to  the  HS  chains  of  syndecans  can  also  in¬ 
duce  their  clustering  and  raft-dependent  endocytosis  (Fuki 
et  al.,  2000).  The  TAT-PTD  was  shown  to  induce  ag¬ 
gregates  on  the  cell  surface  in  an  HS-dependent  manner 
(Ziegler  et  al.,  2005).  The  presence  and  binding  of  HSPG 
is  not  necessarily  equivalent  with  internalization,  as  in¬ 
dicated  by  studies  in  MDCK  and  CaCo-2  cells  in  which 
no  intracellular/transcellular  TAT-PTD  transport  could  be 
detected,  despite  the  presence  of  HSPGs  (Violini  et  al., 
2002). 

Cytosolic  Delivery  of  Transduced  Proteins 

Despite  recent  evidence  for  involvement  of  endocy¬ 
tosis  in  protein  transduction,  demonstration  of  specific  bi¬ 
ologic  effects  of  transduced  proteins  indicates  that  at  least 
a  fraction  of  the  PTD-fused  proteins  are  released  from 
endosomes.  Among  Bcl-2  family  proteins,  both  Bcl-2 
(Fig.  3C  and  unpublished  results)  and  Bcl-X/  are  trans¬ 
duced  in  a  functional  form  (Cao  et  al.,  2002;  Kilic  et  al., 
2002;  Asoh  et  al.,  2002). 

For  the  full  length  HIV-1  TAT  protein,  endocytotic 
internalization  leads  to  endosomal  localization  and  sub¬ 
sequent  cytosolic  release  through  a  mechanism  requir¬ 
ing  acidification  and  relying  on  Hsp90  (Vendeville  et  al., 
2004).  The  mechanisms  of  endosomal  release  of  PTDs 
and  attached  cargoes  are,  however,  unclear.  Some  of  the 
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potential  endosome  release  mechanisms  involve  a  di¬ 
rect  translocation  or  transport  of  PTDs  across  endoso- 
mal  membranes,  or  formation  of  inverted  micelle  or  pore¬ 
like  structures  in  endosomes  rather  than  in  the  plasma 
membrane  (Fig.  2).  Endosomal  escape  might  also  involve 
PTD-induced  endosome  disruption,  or  constitutive  release 
from  a  fraction  of  leaky  endosomes,  e.g.,  macropinosomes 
(Wadia  et  al.,  2004).  Similar  to  cholera  toxin,  the  ret¬ 
rograde  transport  to  Golgi/ER  and  subsequent  cytosolic 
exit  through  retro-translocation  could  also  be  involved. 
An  acidification-dependent  release  from  endosomes  was 
suggested  for  TAT-PTD  by  the  observation  that  neutral¬ 
ization  of  endosomal  pH  inhibits  its  cytosolic  delivery 
(Potocky  et  al.,  2003).  Studies  using  brefeldin  A,  that 
disrupts  Golgi  trafficking,  provide  support  for  the  possi¬ 
bility  that  the  transduced  proteins  are  released  following 
retrograde  transport  to  Golgi  (Fischer  et  al.,  2004;  Fitti¬ 
paldi  et  al.,  2003).  Another  possible  explanation  is  that  the 
endosomal  release  is  facilitated  by  some  of  the  protein  car¬ 
goes  and  not  by  the  PTDs.  Bcl-2  family  proteins  are  a  class 
of  cargoes  that  could  induce  their  own  endosomal  escape, 
since  they  can  form  ion  channels  or  pores  in  membranes. 
Channel  formation  by  Bcl-2  proteins  is  augmented  by  low 
pH  (Schendel  etai,  1998)  and  might  therefore  be  activated 
in  endosomes  after  acidification.  This  suggests  that  endo¬ 
somal  escape  of  TAT-delivered  Bcl-2  or  Bcl-X/  can  occur 
in  a  manner  similar  to  that  of  the  pH-dependent  pore¬ 
forming  toxin  Diphtheria  toxin  (DT),  with  which  Bcl-2 
proteins  share  structural  homology.  Yet  another  possibil¬ 
ity  is  that  Bcl-2  proteins  delivered  through  transduction 
reach  the  ER  through  the  retrograde  transport  mechanism 
and  exert  their  effect  at  the  ER  without  being  released 
into  the  cytosol  and  localize  to  mitochondria.  This  possi¬ 
bility  was  also  suggested  by  the  studies  on  the  DTR  fused 
Bcl-XL  (Liu  etai,  1999). 

Recognition  of  the  involvement  of  endocytosis  in 
PTD-mediated  transduction  indicates  that  efficient  deliv¬ 
ery  will  only  be  achieved  if  this  barrier  is  eliminated.  The 
efficacy  of  PTDs  to  promote  endosomal  escape,  at  least 
for  protein  cargoes,  appears  quite  limited  in  some  cases 
(Sengoku  et  al.,  2004).  Several  studies  demonstrate  that 
enhancing  endosomal  escape  results  in  increased  func¬ 
tional  activity  of  transduced  proteins.  Chloroquine,  known 
to  enhance  transactivation  by  full-length  TAT  and  sucrose, 
was  used  to  disrupt  endosomes,  resulting  in  an  increase 
in  the  activity  of  a  TAT-Cre  protein  (Caron  et  al.,  2004; 
Wadia  et  al.,  2004).  Photo-acceleration  of  PTD  release 
(TAT-PTD,  polyarginine  and  pAntp)  from  endosomes  fol¬ 
lowing  exposure  to  fluorescent  light  (480  nm)  was  also 
reported.  The  same  method  was  efficient  at  increasing  the 
cytosolic  release  of  a  polyarginine-transduced  p53  protein 
(Matsushita  et  al.,  2004).  Similarly,  laser  illumination  was 
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also  reported  to  increase  redistribution  of  CPPs  from  en¬ 
dosomes  to  cytosol  (Maiolo  et  al.,  2004). 

pH-sensitive  toxins  or  fusogenic  peptides  can 
enhance  endosomal  escape  through  pH-induced  endo- 
somolysis  and  are  used  to  increase  the  efficiency  of 
non-viral  DNA  delivery  methods  (Cho  et  al.,  2003).  The 
utility  of  such  a  strategy  at  improving  PTD-mediated 
delivery  and  endosomal  escape  was  demonstrated  by 
Wadia  et  al.  by  using  a  TAT-HA2  pH-sensitive  fusogenic 
peptide  that  was  co-transduced  with  a  TAT-Cre  protein, 
resulting  in  increased  TAT-Cre  activity  (Wadia  et  ai, 
2004).  This  approach  was  also  utilized  for  generation 
of  a  p53  fusion  protein  with  both  the  TAT  and  HA2 
peptides,  and  resulted  in  improved  activity  of  transduced 
p53  (Michiue  et  al.,  2005).  The  mechanism  of  endosomal 
release  of  transduced  proteins  remains  one  of  the 
critical  issues  for  PTD-mediated  transduction  and  further 
improvement  of  cytosolic  delivery  might  greatly  enhance 
the  therapeutic  potential  of  this  approach. 
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Abstract 

Calcium-mediated  signaling  regulates  nuclear  gene  tran¬ 
scription  by  calcium/cAMP  response  element  binding  protein 
(CREB)  via  calcium-dependent  kinases  and  phosphatases. 
This  study  tested  the  hypothesis  that  CREB  is  also  present  in 
mitochondria  and  subject  to  dynamic  calcium-dependent 
modulation  of  its  phosphorylation  state.  Antibodies  to  CREB 
and  phosphorylated  CREB  (pCREB)  were  used  to  demon¬ 
strate  the  presence  of  both  forms  in  isolated  mitochondria  and 
mitoplasts  from  rat  brain.  When  energized  mitochondria  were 
exposed  to  increasing  concentrations  of  Ca2+  in  the  physio¬ 
logical  range,  pCREB  was  lost  while  total  CREB  remained 
constant.  In  the  presence  of  Ru360,  an  inhibitor  of  the 
mitochondrial  Ca2+  uptake  uniporter,  calcium-dependent 
loss  of  pCREB  levels  was  attenuated,  suggesting  that 


intramitochondrial  calcium  plays  an  important  role  in  pCREB 
dephosphorylation.  pCREB  dephosphorylation  was  not,  how¬ 
ever,  inhibited  by  the  phosphatase  inhibitors  okadaic  acid  and 
Tacrolimus.  In  the  absence  of  Ca2+,  CREB  phosphorylation 
was  elevated  by  the  addition  of  ATP  to  the  mitochondrial 
suspension.  Exposure  of  mitochondria  to  the  pore-forming 
molecule  alamethicin  that  causes  osmotic  swelling  and 
release  of  intermembrane  proteins  enriched  mitochondrial 
pCREB  immunoreactivity.  These  results  further  suggest  that 
mitochondrial  CREB  is  located  in  the  matrix  or  inner  mem¬ 
brane  and  that  a  kinase  and  a  calcium-dependent  phospha¬ 
tase  regulate  its  phosphorylation  state. 

Keywords:  adenosine  triphosphate,  kinase,  phosphatase, 
transcription. 

J.  Neurochem.  (2005)  92,  388-394. 


Calcium-mediated  signaling  cascades  play  an  important  role 
in  many  cellular  processes,  including  secretion  of  certain 
neurotransmitters  and  hormones,  cell  cycle  control  and 
muscle  contraction.  Regulation  of  these  signaling  cascades 
by  Ca“+  is  often  as  a  result  of  activation  of  kinases,  including 
protein  kinase  C  (PKC)  and  calmodulin  kinase  (CAMK). 
Conversely,  activation  of  phosphatases  by  Ca“+  also  results 
in  altering  the  balance  of  phosphorylated  and  non-phosphor- 
ylated  target  proteins.  The  Ca2+/cAMP  response  element 
binding  protein  (CREB)  has  been  identified  in  several  studies 
as  a  downstream  target  of  Ca~+-mediated  signaling  events 
(Hahm  et  al.  2003;  Mantelas  et  al.  2003). 

Ca2+  regulates  CREB-mediated  signaling  via  activation  of 
Ca2+-dependent  kinases  or  by  Ca2+-dependent  phosphatases. 
The  phosphorylation  of  CREB  at  a  specific  serine  residue 
(Serl33)  is  the  pivotal  event  regulating  CREB’s  ability  to 
modulate  nuclear  gene  transcription.  CREB  activation 
requires  phosphorylation  by  kinases  including  cAMP  stimu¬ 
lated  protein  kinase  A  (PKA),  PKC,  ribosomal  S6  kinase 
(pp90RSK),  CAMK,  and  mitogen-activated  protein  kinases 
(MAPK)  (Ginty  et  al.  1994;  de  Groot  et  al.  1993;  Brindle 


et  al.  1995;  Tan  et  al.  1996;  Xing  et  al.  1998).  Once 
phosphorylated,  CREB  forms  a  dimer  via  a  conserved 
heptad  repeat  of  leucine  residues  at  the  C-terminus  then 
associates  with  CREB  binding  protein,  which  recruits  and 
stabilizes  RNA  polymerase  II,  forming  a  transcription 
complex  at  the  cAMP  response  element  (CRE),  an  8-bp 
motif  5'-TGACGTCA-3'  (Shaywitz  and  Greenberg  1999). 
Dephosphorylation  of  CREB  by  several  phosphatases, 
including  calcineurin,  PP1,  and  PP2A,  result  in  CREB 
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returning  to  an  inactive  state  (Choe  et  al.  2004;  Zheng  et  al. 
2004).  Thus,  the  ratio  of  non-phosphorylated  CREB  to 
phosphorylated  CREB  (pCREB)  becomes  critical  in  main¬ 
taining  a  homeostatic  cellular  environment,  not  only  phys¬ 
iologically,  but  also  under  pathological  conditions  including 
lack  of  neurotrophins  or  mitogens  (Riccio  et  al.  1999), 
ischemia/reperfiision  injury  (EIu  et  al.  1999;  Jin  et  al.  2001; 
Tanaka  2001)  and  other  paradigms  involving  oxidative  stress 
(Bedogni  et  al.  2003). 

Most  CREB  studies,  which  included  immunostaining  of 
cells  and  immunoblotting  of  subcellular  fractions,  indicate 
that  CREB  is  almost  exclusively  nuclear  (Waeber  and 
Habener  1991;  Ginty  et  al.  1993).  However,  electron  micr¬ 
oscopy,  gel  shift  and  western  blotting  studies  also  identified 
the  presence  of  CREB  in  rat  brain  mitochondria  (Cammarota 
et  al.  1999).  While  the  functional  significance  of  mitoch¬ 
ondrial  CREB  is  at  this  juncture  unknown,  preliminary 
evidence  suggests  that  it  is  involved  in  regulation  of 
mitochondrial  gene  expression  (Ryu  et  al.  Society  for 
Neuroscience  abstract,  2003).  If  transcription  of  one  or  more 
mitochondrial  genes  is  regulated  by  CREB,  mitochondrial 
CREB  phosphorylation  state  would  likely  be  regulated  by 
Ca2+  and/or  cAMR 

Intramitochondrial  Ca2+  is  known  to  regulate  several 
mitochondrial  metabolic  enzymes,  either  directly  or  indi¬ 
rectly,  via  phosphorylation/dephosphorylation  and  responds 
to  both  physiological  and  pathological  changes  in  cytosolic 
Ca“+  through  Ca~+  influx  and  efflux  pathways  (for  review  see 
McCormack  et  al.  1990).  This  study  tested  the  hypothesis 
that  the  phosphorylation  state  of  mitochondrial  CREB  is 
regulated  by  extramitochondrial  [Ca“+]  in  the  physiological 
range  and  that  this  signal  pathway  is  transduced  through  the 
mitochondrial  Ca~+  uniport  uptake  mechanism. 

Materials  and  methods 

All  reagents  were  purchased  from  Sigma  (St  Louis,  MO,  USA) 
unless  otherwise  stated. 

Mitochondrial  isolation 

Forebrains  removed  from  adult  male  Sprague-Dawley  rats  were 
rapidly  dissected  then  further  processed  to  isolate  mitochondria 
using  the  percoll  isolation  method  described  by  Sims  (1990). 
Briefly,  following  decapitation  the  forebrain  was  rapidly  removed 
and  placed  in  ice-cold  mannitol-sucrose  (MS)  buffer  pH  7.4 
(225  him  mannitol,  75  him  sucrose,  5  mM  Hepes,  1  mM  EGTA). 
The  brain  was  homogenized  then  centrifuged  twice  at  1317  g  for 
3  min.  Following  a  further  10-min  centrifugation  at  21  074  g,  the 
pellet  was  re-suspended  in  15%  percoll  (Amersham  Biosciences, 
Piscataway,  NJ,  USA)  then  layered  on  a  discontinuous  percoll 
gradient  and  spun  at  29  7 1 8  g  for  8  min.  The  mitochondrial  fraction 
was  re-suspended  in  MS  buffer  containing  1  mg/mL  BSA  and 
centrifuged  at  16  599  g  for  10  min,  then  again  at  6668  g  for  10  min. 
The  mitochondrial  pellet  was  re-suspended  in  MS  buffer  without 
bovine  semm  albumin  (BSA)  or  EGTA.  Protein  concentrations  were 
detennined  by  the  Biuret  method. 


Mitoplast  preparation 

Isolated  rat  brain  mitochondria  (approximately  50  mg  protein/mL) 
were  diluted  1  :  1  with  12  mg/mL  digitonin  (Spectrum  Chemical, 
Gardena,  CA,  USA)  in  MS  isolation  buffer  and  incubated  for 
20  min  at  4°.  The  digitonin-treated  mitochondria  were  diluted  1  :  4 
in  KC1  buffer  pH  7.0  (125  mM  KC1  ultrapure  (Merck,  Whitehouse 
Station,  NJ,  USA),  20  mM  Hepes,  2  mM  K2HPO4,  0.01  mM  EGTA, 
5  mM  malate,  5  mM  glutamate,  1  mM  MgCl2,  3  mM  ATP)  and  gently 
homogenized,  then  centrifuged  at  18  522  g  for  10  min  at  4°.  The 
supernatant  was  retained  and  the  pellet  re-suspended  in  KC1 
buffer  then  centrifuged  at  18  522  g  for  10  min.  The  pellet  was 
re-suspended  in  KC1  buffer  and  all  fractions  stored  at  -70°  until 
utilized  for  western  blot. 

Western  blot  procedure 

Isolated  mitochondria  were  treated  with  50  mM  dithiothreitol  (DTT) 
and  NuPage  4  x  LDS  loading  buffer  (Invitrogen,  Carlsbad,  CA, 
USA)  prior  to  heating  at  70°  for  10  min.  The  samples  were  rapidly 
centrifuged  at  4°  prior  to  separation  by  sodium  dodecyl  sulfate  - 
polyacrylamide  gel  electrophresis  (SDS-PAGE).  Each  lane  was 
loaded  with  25  pg  of  total  protein,  which  was  detennined  in  separate 
studies  to  be  in  the  linear  range  of  the  protein-immunoblot  optical 
density  relationship.  Immunoblotting  was  performed  as  recommen¬ 
ded  by  the  manufacturers  of  the  antibodies.  Polyclonal  rabbit  anti- 
phospho-CREB  (pCREB)  and  anti-CREB  were  purchased  from 
Upstate  Biotechnology  (Lake  Placid,  NY,  USA).  Polyclonal  rabbit 
anti-pCREB  and  anti-histone  H3  were  purchased  from  Cell 
Signaling  Technology  (Beverly,  MA,  USA).  Cytochrome  c  oxidase 
subunit  I  (COX)  monoclonal  antibody  was  purchased  from  Molecu¬ 
lar  Probes  (Eugene,  OR,  USA).  Cytochrome  c  (Cyt  c)  monoclonal 
antibody  was  purchased  from  BD  Biosciences  (San  Diego,  CA, 
USA).  Immunoreactivity  was  detected  using  the  appropriate 
peroxidase-linked  secondary  antibody  and  enhanced  chemilumines¬ 
cence  detection  reagent  purchased  from  Amersham  Biosciences. 
Following  detection  of  pCREB  protein,  membranes  were  stripped 
using  Restore™  (Pierce,  Rockford,  IL,  USA).  The  stripped  mem¬ 
branes  were  re-probed  with  antibodies  to  COX,  CREB,  Cyt  c,  or 
histone  H3.  Optical  densities  of  individual  bands  were  quantified 
after  subtraction  of  background  levels  of  film  exposure  using  the 
GelExpert  software  program  (Nucleotech,  San  Carlos,  CA,  USA). 

Enzyme-linked-immuno-sorbent  assay  (ELISA) 

Mitochondrial  samples  previously  assayed  for  immunoreactivity  via 
western  blot  were  also  reassessed  using  an  ELISA  kit  (BioSource 
International,  Camarillo,  CA,  USA)  that  recognized  pCREB 
phosphorylated  at  Serl33.  pCREB  levels  were  determined  accord¬ 
ing  to  the  manufacturer’s  protocol. 

Calcium-uptake  assay 

Freshly  isolated  rat  brain  mitochondria  (0.25  mg/mL  protein)  in  the 
presence  of  the  fluorescent  dye  Fura  6F  potassium  salt  (250  nM) 
purchased  from  Molecular  Probes,  were  incubated  with  buffer 
(pH  7.0)  125  mM  KC1,  20  mM  Hepes,  2  mM  KH2PO4,  1.0  |iM 
EGTA,  5  mM  malate,  5  mM  glutamate,  and  1  mM  MgCL.  A  further 
3  mM  MgCL,  3  mM  ATP  and  20-400  pM  Ca2+  were  added  to  the 
cuvette,  then  the  calcium  concentrations  in  the  buffer  surrounding 
the  mitochondria  were  measured  for  5-10  min  on  an  FL-2500 
fluorescence  spectrophotometer  (Hitachi,  Japan).  The  excitation 
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wavelength  for  bound  calcium  was  340  nm  and  380  nm  for 
unbound  calcium  and  the  emission  wavelength  was  510  nm. 
Samples  were  then  centrifuged  at  1 8  522  g  for  3  min  and  the  pellet 
re-suspended  in  lysis  buffer  (pH  7.4)  containing  0.5%  non-idet  p-40, 
1%  Triton  X-100,  150  mM  NaCl  and  10  mM  Tris.  The  aliquots  were 
stored  at  -70°  until  western  blotting  or  ELISA  were  performed. 

Statistical  analysis 

Ca2+  uptake  data  are  expressed  as  the  mean  ±  SE  and  the  statistical 
significance  was  detennined  by  one-way  anova  with  the  Tukey  post 
hoc  test.  Statistical  significance  was  assumed  as  p  <  0.05.  Results 
from  tests  on  the  effects  of  ATP  and  alamethicin  are  expressed  as  the 
mean  ±  SE  and  the  statistical  significance  detennined  by  Student 
i-test. 

Results 

Isolated  rat  brain  mitochondria  and  mitoplasts  possess 
phosphorylated  CREB  (pCREB)  immunoreactivity 

Isolated  mitochondria  from  rat  brain  were  analyzed  by 
western  blot  using  an  antibody  specific  for  CREB  phosphor¬ 
ylated  at  Serl33  (pCREB).  A  strong  band  was  revealed  at 
43  kDa  with  a  less  prominent  band  at  32  kDa  in  the 
mitochondrial  extract.  The  band  at  32  kDa  likely  represents 
cross  reactivity  to  phospho-ATFl  (pATFl),  as  reported 
earlier  (Huang  et  al.  2001).  The  brain  homogenate  at  a 
protein  level  equivalent  to  that  of  isolated  mitochondria 
exhibited  a  relatively  weaker  band  at  43  kDa  (Fig.  la).  The 
blots  were  then  stripped  and  re-probed  for  the  nuclear 
specific  marker  histone  H3  to  assess  nuclear  contamination 
of  the  mitochondrial  separation.  The  brain  homogenate 
extract  had  a  very  strong  band  at  17  kDa  (Fig.  la),  whereas 
the  mitochondrial  extract  had  no  detectable  signal  indicating 
a  lack  of  nuclear  contamination.  Similar  samples  that  were 
probed  with  histone  H3  antibody  then  stripped  and  re-probed 
for  pCREB  yielded  the  same  results  (data  not  shown). 

(a)  HOMOG  MITO  (b)  MITO  MP  OM 

pCREB  «-43Kd  pCREB 

pATFl  -«-32Kd  _ _ 

COX 

HOMOG  MITO 

Histone  I^^^B  «-i7Kd  Cyt  c 

HOMOG  MITO 

COX  < —  34 Kd 

Fig.  1  pCREB  immunoreactivity  in  rat  forebrain  homogenates,  iso¬ 
lated  mitochondria,  (a)  Brain  homogenates  and  isolated  non-syna- 
ptosomal  brain  mitochondria  were  treated  with  lysis  buffer.  Samples 
(25  ug  protein)  were  applied  to  each  lane  of  the  electrophoresis  gel. 
Immunoblots  for  pCREB  (top),  the  nuclear  marker  histone  H3  (middle), 
and  the  mitochondrial  inner  membrane  marker  cytochrome  c  oxidase 
subunit  I  (COX,  bottom)  were  performed,  (b)  Isolated  non-synapto- 
somal  brain  mitochondria,  mitoplasts  and  outer  membrane  fractions 
(25  ug  protein)  were  electrophoretically  separated  then  blotted  for 
pCREB  (top),  COX  (middle)  and  the  intermembrane  marker  cyto¬ 
chrome  c  (Cyt  c,  bottom). 


Membranes  were  also  stripped  and  re-probed  with  the 
mitochondrial  marker  COX  revealing  strong  immunoreac¬ 
tivity  for  the  mitochondrial  extract  and  a  relatively  light  band 
in  the  brain  homogenate  (Fig.  la).  These  results  suggest  that 
pCREB  immunoreactivity  is  present  in  rat  brain  mitochon¬ 
dria,  in  accordance  with  an  earlier  study  (Cammarota  et  al. 
1999),  and  that  these  mitochondrial  extracts  are  not  contam¬ 
inated  with  nuclear  components. 

To  further  assess  the  localization  of  mitochondrial  pCREB, 
isolated  rat  brain  mitochondria  were  treated  with  the  steroid 
glycoside  digitonin  to  remove  the  outer  membrane  (OM), 
intermembrane  proteins,  and  peripheral  inner  membrane 
proteins,  e.g.  cytochrome  c,  creating  mitoplasts  consisting  of 
inner  membrane  and  matrix  proteins.  Analysis  by  western 
blotting  for  pCREB  revealed  a  strong  band  at  43  kDa  in  the 
mitoplasts  (MP),  with  a  barely  detectable  signal  in  the 
supernatant  (OM)  (Fig.  lb).  The  blots  were  then  stripped  and 
re -probed  for  COX,  revealing  a  similar  distribution  (Fig.  lb). 
Conversely,  the  blots  were  stripped  and  re-probed  for  the 
intermembrane-localized  cytochrome  c  (Cyt  c)  revealing  a 
very  strong  band  in  the  OM  fraction  with  a  barely  detectable 
band  in  the  MP  (Fig.  lb).  Taken  together,  these  results 
suggest  that  pCREB  is  localized  in  the  inner  membrane  or  in 
the  matrix. 

Accumulation  of  Ca2+  in  isolated  mitochondria  decreases 
pCREB  levels 

Ca2+  has  been  identified  as  a  potent  inducer  of  signal 
transduction  pathways  that  have  CREB  as  a  downstream 
target.  We  therefore  next  determined  if  addition  of  exogenous 
Ca2+  to  freshly  isolated  rat  brain  mitochondria  would  affect 
CREB/pCREB  immunoreactivity.  Isolated  brain  mitochon¬ 
dria  were  incubated  for  5  min  at  37°  in  a  KCl-based  medium 
containing  respiratory  substrates,  ATP,  phosphate  and  Mg2+ 
in  the  presence  or  absence  of  50  gM  EGTA  and  either  0.8  or 
1.6  pmol  Ca“+/mg  protein.  These  conditions  support  the 
mitochondrial  uptake  and  retention  of  over  2  pmol  Ca2+/mg 
mitochondrial  protein  (Chinopoulos  et  al.  2003).  The  sus¬ 
pensions  were  then  centrifuged  and  the  mitochondrial  pellets 
frozen  and  stored  at  -70°  in  lysis  buffer.  The  mitochondrial 
lysates  were  later  electrophoretically  separated  and  iminu- 
noblotted  with  antibodies  specific  to  pCREB  (Fig.  2a,  upper 
panel)  then  stripped  and  re -probed  with  an  antibody  that 
recognizes  CREB  regardless  of  phosphorylation  state  (total 
CREB,  Fig.  2a,  lower  panel).  Densitometric  analysis  of  the 
pCREB  to  CREB  ratio  data  indicates  a  68%  decrease  in 
pCREB  levels  in  isolated  mitochondria  exposed  to  1 .6  pmol 
Ca~+/mg  mitochondrial  protein  as  compared  with  basal 
pCREB  levels  (no  addition).  Conversely,  there  was  a  250% 
increase  in  pCREB  levels  following  exposure  to  50  gM 
EGTA  (Fig.  2b).  As  there  was  no  consistent  difference  in 
total  CREB  immunoreactivity  between  the  treatment  groups 
(Fig.  2a,  lower  panel),  the  effect  of  exposure  to  Ca2+  or 
EGTA  on  pCREB  is  not  because  of  an  effect  on  total  CREB 
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addition  Ca/mg  Ca/mg  EGTA 


Fig.  2  pCREB  and  total  CREB  Immunoreactivity  in  brain  mitochondria 
following  incubation  in  the  absence  and  presence  of  Ca2+.  (a)  Rep¬ 
resentative  immunoblots  of  mitochondrial  lysates  probed  for  pCREB 
(upper  panel),  then  stripped  and  re-probed  for  total  CREB  (lower 
panel),  (b)  Optical  density  of  bands  from  immunoblots  (Fig.  2a)  of 
mitochondrial  lysates  exposed  to  50  |.lm  EGTA  or  Ca2+  (0.8-1 .6  pmol/ 
mg  mitochondrial  protein).  Data  are  expressed  as  the  ratio  of  the 
pCREB  :  CREB  optical  densities  and  are  representative  of  four  sep¬ 
arate  experiments,  (c)  pCREB  (ng/mg  mitochondrial  protein)  as 
assessed  by  ELISA  following  exposure  of  isolated  mitochondria  to 
EGTA  (1-101  pM).  The  medium  free  [Ca2+]  was  determined  from 
Fura  6F  fluorescent  measurements  according  to  Grynkiewicz  ef  al. 
(1985). 

protein  levels.  Subsequent  measurements  of  pCREB  utilized 
an  enzyme-linked-immuno-sorbent  assay  (ELISA)  specific 
for  CREB  phosphorylated  at  Seri 33  as  the  results  obtained 
with  this  convenient  assay  correlate  well  with  those  obtained 
using  immunoblots  (data  not  shown). 

To  further  assess  the  effects  of  extramitochondrial  [Ca2+] 
at  physiological,  submicromolar  concentrations,  we 
exposed  isolated  rat  brain  mitochondria  to  medium 
containing  concentrations  of  EGTA  ranging  from  1  to 
101  |iM.  The  initial  medium  free  [Ca2+]  was  measured 
using  Fura  6F  and  calculated  according  to  the  method  of 
Grynkiewicz  et  al.  (1985).  Analysis  of  the  mitochondrial 
samples  by  ELISA  indicates  that  mitochondrial  pCREB  is 
substantially  reduced  by  increasing  extramitochondrial  Ca~+ 
in  a  physiological  range  of  approximately  0.4-1. 2  pM 
(Fig.  2c). 

The  effect  of  Ca2+  on  pCREB  phosphorylation  state  was 
also  tested  in  the  presence  of  the  non-selective  pore-forming 
molecule  alamethicin  (80  pg/mL)  which  causes  osmotic 
swelling  and  equilibration  of  ions  and  small  molecules  across 
the  mitochondrial  inner  membrane.  Following  incubation, 
the  suspension  was  centrifuged  and  the  mitochondrial  pellet 
was  used  for  ELISA  measurements  of  pCREB.  As  in  the 


Treatment 

Fig.  3  Enrichment  of  pCREB  by  mitochondrial  osmotic  lysis.  Mito¬ 
chondria  were  incubated  for  5  min  in  the  presence  of  either  EGTA 
(10  pm)  or  Ca2+  (20  pm)  in  the  absence  or  presence  of  the  pore¬ 
forming  molecule  alamethicin  (80  pg/mL).  Following  centrifugation, 
mitochondrial  pellets  were  analyzed  for  pCREB  using  ELISA.  Data  are 
expressed  as  the  mean  percentage  of  control  values  on  each  ELISA 
plate  ±  SE  for  n  =  3-5  separate  experiments.  ^Significantly  different 
(p  <  0.01 )  from  Ca2+  treatment  alone;  ’significantly  different  (p  <  0.05) 
from  EGTA  with  alamethicin  treatment. 

absence  of  alamethicin,  pCREB  was  significantly  lower  in 
the  presence  of  Ca“+  compared  with  EGTA  (Fig.  3).  The 
additional  finding  that  the  ratio  of  pCREB  to  pellet  protein 
was  higher  following  alamethicin  treatment  is  further 
evidence  that  pCREB  is  located  on  or  within  the  mitoch¬ 
ondrial  inner  membrane. 

To  investigate  the  potential  dynamic  regulation  of  Ca"+- 
sensitive  changes  in  the  phosphorylation  state  of  CREB, 
isolated  respiring  rat  brain  mitochondria  were  first  exposed  to 
EGTA  (10  pM)  and  then  incubated  in  the  presence  of  excess 
Ca2+  (20  pm)  to  determine  if  CREB  phosphorylation  is 
reversible.  As  shown  in  Fig.  4,  5  min  exposure  to  EGTA 
followed  by  5  min  exposure  to  Ca~+  resulted  in  a  loss  of 
CREB  phosphorylation  that  was  essentially  as  great  as  a 
10  min  exposure  to  Ca2+. 

Inhibition  of  the  mitochondrial  Ca2+  uniporter  attenuates 
Ca2+-dependent  pCREB  loss 

Ca2+  and  other  divalent  cations  enter  the  mitochondrial 
matrix  via  a  uniporter  that  can  be  blocked  by  RU360,  a 
derivative  of  ruthenium  red  (Matlib  et  al.  1998).  To  assess 
the  role  of  intramitochondrial  Ca~+  in  altering  mitochondrial 
pCREB  levels,  isolated  rat  brain  mitochondria  were  exposed 
to  500  nM  RU360  in  the  absence  or  presence  of  20  pM  Ca  . 
RU360  inhibited  the  mitochondrial  uptake  of  exogenous 
Ca2+  from  the  medium,  as  measured  using  the  fluorimetric 
Ca2+  indicator  Fura  6F  (Fig.  5a).  At  the  end  of  these 
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Fig.  4  Calcium-induced  pCREB  dephosphorylation  following  EGTA- 
induced  phosphorylation.  Mean  pCREB  levels  as  assessed  by  ELISA 
following  exposure  of  isolated  mitochondria  to  EGTA  (10  pm)  or  Ca2+ 
(20  hm)  alone,  or  addition  of  Ca2+  after  5  min  of  EGTA  treatment.  Data 
are  expressed  as  a  percentage  of  the  control  values  (EGTA)  on  each 
ELISA  plate.  Each  bar  is  the  mean  of  four  to  five  separate  experi¬ 
ments;  error  bars  are  SEM.  'Significantly  different  (p  <  0.05)  from 
control. 


(b)  -  pCREB 

Control  RU360  RU360+  Ca2+ 

Ca2+ 


Fig.  5  Effect  of  mitochondrial  calcium  uptake  inhibition  on  pCREB.  (a) 
Fura  6F  fluorescent  recordings  of  the  ambient  free  [Ca2+]  in  the 
standard  reaction  medium  containing  isolated  rat  brain  mitochondria 
(0.25  mg/mL),  in  the  presence  of  the  oxidizable  substrates  malate 
(5  mwi)  plus  glutamate  (5  miui)  plus  ATP  (3  ium).  The  medium  con¬ 
tained  either  EGTA  (10  pm)  or  Ca2+  (20  pn/i)  ±  the  mitochondrial  Ca2+ 
uptake  inhibitor  RU360  (500  nM).  (b)  Typical  immunoblot  of  pCREB  in 
mitochondrial  pellets  obtained  following  centrifugation  of  suspensions 
as  shown  in  (a),  representative  of  three  separate  experiments. 

measurements,  the  mitochondrial  suspensions  were 
centrifuged  and  the  pellets  used  for  immunoblot  analysis  of 
pCREB.  The  presence  of  RU360  partially  inhibited  the  loss 
of  pCREB  immunoreactivity  caused  by  exposure  to  Ca2 1 
(Fig.  5b).  The  inhibitory  effect  of  RU360  on  Ca2+-induced 
dephosphorylation  may  be  partially  masked  by  the  small 
decrease  in  pCREB  levels  caused  by  exposure  to  RU360  in 
the  absence  of  Ca~+. 


Effect  of  exogenous  ATP  on  mitochondrial  pCREB 

Mitochondrial  CREB  phosphorylation  and  its  response  to 
Ca2+  was  measured  in  the  absence  and  presence  of  ATP  to 
further  characterize  the  factors  responsible  for  its  regulation. 
Isolated  rat  brain  mitochondria  were  exposed  to  either  10  or 
1  (im  EGTA  or  20  (im  Ca~+  in  the  presence  or  absence  of 
3  mM  ATP.  pCREB  levels  were  approximately  70%  lower 
( p  <  0.05)  in  mitochondria  exposed  to  EGTA  in  the  absence 
of  exogenous  ATP  compared  with  mitochondria  exposed  to 
EGTA  in  the  presence  of  exogenous  ATP  (Table  1).  Addi¬ 
tionally,  20  |tm  Ca"+  without  exogenous  ATP  decreased 
pCREB  levels,  although  not  significantly  {p  =  0.07)  in 
mitochondria  as  compared  with  mitochondria  exposed  to 
Ca2+  in  the  presence  of  exogenous  ATP  (Table  1).  Taken 
together,  these  results  suggest  that  Ca2+-sensitive  decreases 
in  mitochondrial  pCREB  levels  may  be  as  a  result  of 
activation  of  a  Ca“+-regulated  phosphatase  as  such  activity  is 
not  ATP  dependent. 

Effect  of  phosphatase  inhibitors  on  Ca2+-dependent  loss 
of  mitochondrial  pCREB 

To  determine  if  the  Ca~+-sensitive  reduction  in  mitochondrial 
pCREB  immunoreactivity  is  because  of  Ca2+-dependent 
phosphatase  activity,  experiments  were  perfonned  in  the 
presence  of  okadaic  acid  (OA,  10  nM),  a  broad  spectrum 
phosphatase  inhibitor,  and  Tacrolimus  (FK506,  100  nM),  an 
inhibitor  of  the  Ca-dependent  phosphatase  calcineurin.  As 
expected,  neither  agent  affected  mitochondrial  pCREB  in  the 
presence  of  EGTA  (Fig.  6).  These  agents  were,  however,  also 
ineffective  at  attenuating  the  Ca2+-dependent  loss  of  pCREB, 
as  determined  by  ELISA  (Fig.  6).  Cyclosporin  A  (CsA, 
1  pm),  another  inhibitor  of  calcineurin,  was  also  not  effective 
at  reversing  the  Ca-dependent  loss  of  pCREB  (data  not 
shown). 

Discussion 

Our  results  confirm  an  earlier  finding  (Cammarota  et  al. 
1999)  that  CREB  and  pCREB  immunoreactivity  is  present  in 


Table  1  Mean  pCREB  values  as  assessed  by  ELISA  of  mitochondrial 
lysates  in  the  presence  or  absence  of  ATP  (3  mM)  and  EGTA  (10  pm) 
or  Ca2+  (20  pM) 


pCREB  (ng/mg  mitochondrial  protein) 

-ATP 

+  ATP 

10  (im  EGTA 

1.01  ±  0.32* 

3.39  ±  0.90 

No  addition 

0.77  ±  0.16 

1 .72  ±  0.42 

20  |im  Ca2+ 

0.48  ±  0.08 

0.83  ±  0.14 

Data  are  expressed  as  mean  ng  pCREB/mg  mitochondrial  protein 
from  four  separate  experiments  ±  SEM.  'Significantly  different 
(p  <  0.05)  from  control  (EGTA  with  ATP). 
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Fig.  6  Effect  of  phosphatase  inhibitors  on  mitochondrial  pCREB. 
Mitochondria  were  incubated  for  5  min  in  the  presence  of  either  EGTA 
(10  pm)  or  Ca2+  (20  pM)  in  the  absence  or  presence  of  okadaic  acid 
(10  nM)  or  FK506  (100  nM).  Following  centrifugation,  mitochondrial 
pellets  were  analyzed  for  pCREB  using  ELISA.  Data  are  expressed  as 
the  mean  percentage  of  control  values  on  each  ELISA  plate  ±  SE  for 
n  =  3-12  separate  experiments. 


isolated  mitochondria.  Additionally,  following  digitonin 
permeabilization  of  mitochondria,  we  demonstrate  that 
pCREB  immunoreactivity  is  present  in  mitoplasts,  but  not 
outer  membrane  fractions  that  contain  intermembrane-asso- 
ciated  proteins  (Fig.  lb),  suggesting  inner  membrane  or 
matrix  localization  of  pCREB.  Recent  studies  describe  the 
mitochondrial  localization  of  other  proteins  involved  in 
transcriptional  regulation,  including  NF-kB  (Cogswell  et  al. 
2003),  estrogen  receptor  P  (Yang  et  al.  2004)  and  Smad5 
(Jullig  and  Stott  2003).  These  findings  suggest  that  mitoch¬ 
ondrial  gene  regulation  may  be  controlled  by  a  number  of 
heretofore  uncharacterized  factors. 

This  study  is  the  first  to  demonstrate  that  the  phosphory¬ 
lation  state  of  mitochondrial  CREB  is  sensitive  to  changes  in 
extramitochondrial  free  [Ca~+]  in  the  physiological  range. 
Blockade  of  the  inner  mitochondrial  membrane  uniporter  by 
RU360  was  shown  in  this  study  to  attenuate,  but  not 
completely  reverse,  Ca2+-sensitive  loss  of  pCREB  (Fig.  5b). 
Relatively  small  changes  in  intramitochondrial  free  Ca2+ 
levels  would  be  sufficient  to  decrease  pCREB  levels  based 
on  our  findings  in  this  study  (Fig.  2c).  The  incomplete 
inhibition  of  Ca2+-dependent  pCREB  dephosphorylation 
could  therefore  be  due  to  leakage  of  Ca2+  into  the  matrix. 

The  matrix  localization  of  pCREB  is  further  supported  by 
the  finding  that  pCREB  is  enriched  in  the  mitochondrial 
pellet  following  the  addition  of  alamethicin  to  the  mitoch¬ 
ondrial  suspension  (Fig.  3).  Alamethicin  releases  mitoch¬ 
ondrial  intermembrane  proteins  e.g.  cytochrome  c,  but  many 
matrix  proteins  are  retained  following  this  treatment.  The 
additional  observation  that  sensitivity  of  pCREB  dephosph¬ 


orylation  to  Ca2+  is  maintained  in  the  presence  of 
alamethicin  indicates  that  the  effect  of  Ca2+  is  not  because 
of  its  effects  on  mitochondrial  bioenergetics  or  membrane 
permeability. 

A  partial  CRE  site  has  been  demonstrated  previously  to 
be  present  in  the  regulatory  D-loop  of  mitochondrial  DNA 
(Ogita  et  al.  2002),  indicating  the  potential  for  pCREB- 
induced  mitochondrial  gene  transcription.  Although  at 
present  a  function  for  mitochondrial  pCREB  has  not  been 
elucidated,  the  possibility  arises  for  mitochondrial  pCREB 
to  function  as  a  transcription  factor  directly  altering 
mitochondrial  DNA  or  by  cross-talk  between  the  mito¬ 
chondrion  and  the  nucleus.  Cross-talk  between  mitochon¬ 
dria  and  the  nucleus  as  a  result  of  cellular  stress  has  been 
previously  described  (Biswas  et  al.  1999;  Sawa  2001; 
Delsite  et  al.  2002).  We  estimate  the  mitochondrial  pCREB 
contribution  to  total  cellular  pCREB  is  in  the  range  of 
15-20%  based  on  relative  levels  of  pCREB  and  COX 
immunoreactivity  in  the  brain  homogenates  and  isolated 
mitochondria  (Fig.  la).  Mitochondrial  pCREB  therefore 
constitutes  a  significant  fraction  of  total  tissue  pCREB  in 
the  rat  brain. 

It  is  well  established  that  CREB  plays  a  role  in  many 
diverse  cellular  activities,  from  cell  growth  and  differenti¬ 
ation  to  apoptosis.  In  addition,  neurodegenerative  diseases, 
e.g.  Alzheimer’s  and  Fluntington’s  diseases,  and  acute  brain 
injury,  have  been  associated  with  alterations  in  CREB- 
regulated  gene  expression.  The  finding  that  CREB  is  present 
in  mitochondria,  whose  altered  activities  and  gene  expression 
are  strongly  implicated  in  these  disorders,  warrants  further 
investigation  into  the  role  of  mitochondrial  CREB  and  its 
regulation  by  Ca~+  in  both  nonnal  cell  homeostasis  and 
response  to  pathological  stress. 
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Abstract 

Growing  literature  suggests  important  sex-based  differences  in  outcome  following  traumatic  brain  injury  (TBI)  in  animals  and  humans. 
Progesterone  has  emerged  as  a  key  hormone  involved  in  many  potential  neuroprotective  pathways  after  acute  brain  injury  and  may  be  responsible 
for  some  of  these  differences.  Many  studies  have  utilized  supraphysiologic  levels  of  post-traumatic  progesterone  to  reverse  pathologic  processes 
after  TBI,  but  few  studies  have  focused  on  the  role  of  endogenous  physiologic  levels  of  progesterone  in  neuroprotection.  We  hypothesized  that 
progesterone  at  physiologic  serum  levels  would  be  neuroprotective  in  female  rats  after  TBI  and  that  progesterone  would  reverse  early 
mitochondrial  dysfunction  seen  in  this  model.  Female,  Sprague -Dawley  rats  were  ovariectomized  and  implanted  with  silastic  capsules  containing 
either  low  or  high  physiologic  range  progesterone  at  7  days  prior  to  TBI.  Control  rats  received  ovariectomy  with  implants  containing  no  hormone. 
Rats  underwent  controlled  cortical  impact  to  the  left  parietotemporal  cortex  and  were  evaluated  for  evidence  of  early  mitochondrial  dysfunction  (1 
h)  and  delayed  hippocampal  neuronal  injury  and  cortical  tissue  loss  (7  days)  after  injury.  Progesterone  in  the  low  physiologic  range  reversed  the 
early  postinjury  alterations  seen  in  mitochondrial  respiration  and  reduced  hippocampal  neuronal  loss  in  both  the  CA1  and  CA3  subfields. 
Progesterone  in  the  high  physiologic  range  had  a  more  limited  pattern  of  hippocampal  neuronal  preservation  in  the  CA3  region  only.  Neither 
progesterone  dose  significantly  reduced  cortical  tissue  loss.  These  findings  have  implications  in  understanding  the  sex-based  differences  in 
outcome  following  acute  brain  injury. 

©  2005  Elsevier  Inc.  All  rights  reserved. 
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Introduction 

Growing  evidence  suggests  important  differences  in  out¬ 
comes  between  male  and  female  subjects  following  severe 
acute  brain  injury.  This  is  seen  in  many  forms  of  acute  brain 
injury  in  both  animal  and  human  studies  (reviewed  in  Roof 
and  Hall,  2000).  One  common  form  of  acute  brain  injury, 
traumatic  brain  injury  (TBI),  affects  approximately  1.5 
million  Americans  each  year  (CDC).  Although  limited  in 
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number,  epidemiologic  studies  in  adult  TBI  looking  at  effects 
of  gender  describe  differences  between  men  and  women. 
Some  studies  show  improved  neurologic  outcome  in  women 
(Groswasser  et  al.,  1998),  while  others  suggest  that  females 
may  have  greater  long-term  deficits  than  males  (Farace  and 
Alves,  2000).  More  recent  studies  define  important  sex-based 
differences  in  response  to  excitotoxicity  and  oxidative  stress 
after  severe  TBI,  as  measured  by  neurochemical  alterations  in 
the  cerebrospinal  fluid  (Bayir  et  al.,  2004;  Wagner  et  al., 
2004a, b,  2005). 

The  literature  in  animal  models  of  TBI  is  broader  and 
generally  suggests  neuroprotection  in  females.  An  initial  study 
showed  a  marked  reduction  in  cerebral  edema  after  TBI  in 
pseudopregnant  female  rats,  compared  to  male  and  proestrous 
female  rats  (Roof  et  al.,  1993a,b).  These  investigators 
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hypothesized  that  circulating  levels  of  endogenous  progester¬ 
one  played  an  important  role  in  their  findings.  Other  studies 
have  demonstrated  reduction  in  cortical  contusion  volume 
(Bramlett  and  Dietrich,  2001),  alteration  in  the  evolution  of 
cytoskeletal  protein  degradation  (Kupina  et  al.,  2003),  and 
improvement  in  motor  (Wagner  et  al.,  2004a,b)  and  cognitive 
(Roof  et  al.,  1993a,b)  outcomes  after  TBI  in  female  versus 
male  rats  and  mice.  In  addition,  post-traumatic  interventions, 
such  as  environmental  enrichment  (Wagner  et  al.,  2002),  and 
post-traumatic  secondary  insults,  such  as  hyperthermia  (Suzuki 
et  al.,  2004),  have  been  shown  to  have  sex-based  differential 
response. 

Although  estrogen  has  been  hypothesized  to  play  a  role 
in  these  sex  differences  (Wise  et  al.,  2001),  progesterone 
has  recently  emerged  as  a  key  hormone  with  many  potential 
neuroprotective  benefits  after  TBI  (Roof  and  Hall,  2000) 
(Stein,  2001).  Administration  of  progesterone,  even  post¬ 
injury,  has  been  shown  to  reduce  brain  edema  (Roof  et  al., 
1996),  secondary  neuronal  loss  (Roof  et  al.,  1994),  and 
necrotic  tissue  loss  (Shear  et  al.,  2002).  Progesterone,  and 
its  metabolite  allopregnanolone,  has  also  been  associated 
with  improved  neurologic  outcome  (Roof  et  al.,  1994; 
Djebaili  et  al.,  2004,  2005;  He  et  al.,  2004a, b;  Shear  et  al., 
2002).  Although  the  mechanisms  of  progesterone’s  neuro¬ 
protection  are  not  fully  understood,  a  series  of  studies  by 
Stein  et  al.  have  shown  that  progesterone  plays  a  role  in 
reversing  many  of  the  pathologic  post-traumatic  pathways, 
such  as  reductions  in  lipid  peroxidation  (Roof  et  al.,  1997) 
and  inflammatory  cytokines  (He  et  al.,  2004a, b)  following 
injury. 

Many  of  the  proposed  pathways  of  progesterone 
neuroprotection  can  have  a  significant  influence  on  the 
function  of  brain  mitochondria.  These  include  progester¬ 
one’s  role  in  reducing  oxidative  injury  (Roof  et  al.,  1997), 
improving  membrane  stabilization  (Roof  and  Hall,  2000), 
and  reducing  brain  excitability  (Hoffman  et  al.,  2003; 
Smith,  1991,  1994;  Smith  et  al.,  1987).  However,  the 
effects  of  progesterone  on  mitochondrial  dysfunction  after 
TBI  have  not  been  directly  evaluated.  Therefore,  one  aim 
of  this  study  was  to  evaluate  the  potential  of  progesterone 
in  reversing  the  post-traumatic  alterations  in  mitochondrial 
function.  A  second  aim  was  to  evaluate  the  neuroprotective 
properties  of  physiologic  levels  of  serum  progesterone  that 
would  be  similar  to  those  seen  in  normally  cycling  female 
rats.  Many  previous  studies  have  administered  progesterone 
over  a  series  of  days  postinjury  to  male  rats,  resulting  in 
high  physiologic  or  supraphysiologic  serum  levels.  Previous 
work  in  our  laboratory  in  a  kainite  seizure  model  has 
shown  that  physiologic  levels  of  progesterone  were  able  to 
reduce  seizure  severity  in  ovariectomized  female  rats 
(Hoffman  et  al.,  2003).  However,  there  was  an  important 
dose-response  relationship  as  only  those  rats  treated  in  the 
low  physiologic  range  had  this  reduction.  Therefore,  we 
hypothesized  that  low  range  physiologic  progesterone 
would  be  neuroprotective  in  female  rats  after  TBI  and  that 
progesterone  would  reverse  early  mitochondrial  dysfunction 
seen  in  this  model. 


Methods 

This  study  was  approved  by  the  University  of  Maryland 
Animal  Care  and  Use  Committee.  All  care  and  handling  of 
rats  were  in  compliance  with  the  National  Institute  of  Health 
guidelines.  Adult  female  Sprague -Dawley  rats  (Zivic  Miller 
Laboratories,  Pittsburgh,  PA;  n  =  67  rats  total)  weighing 
200-225  g  were  used  in  all  studies  and  were  allowed  free 
access  to  food  and  water  before  and  after  all  surgical 
procedures. 

Ovariectomy  and  hormone  implant 

Rats  were  anesthetized  with  3%  isoflurane  and  ovariecto¬ 
mized  under  sterile  conditions.  They  were  then  subcutaneously 
implanted  with  blank  silastic  capsules  (no  hormone)  or  silastic 
capsules  (length  =  40  mm;  OD  =  0.125  mm;  ID  =  0.078  mm) 
containing  crystalline  progesterone  (Sigma,  St.  Louis,  MO). 
Two  levels  of  physiological  progesterone  supplementation 
were  studied  by  altering  the  number  of  progesterone  capsules. 
The  low  level  supplementation  used  3  capsules,  and  the  high 
level  used  6  capsules.  Previous  work  has  demonstrated  that  the 
low  level  corresponds  to  a  serum  level  of  ~  25  ng/ml,  and  the 
high  level  corresponds  to  ~  50  ng/ml,  which  are  both  within 
the  physiologic  range  (Hoffman  et  al.,  2003). 

Traumatic  brain  injury  model 

Anesthesia  was  induced  in  a  Plexiglas  chamber  with  4% 
isoflurane  (Easterling  Veterinary  Supply,  West  Columbia,  SC). 
The  head  was  then  fixed  in  a  stereotactic  device  (David  Kopf, 
Tujunga,  CA),  and  2-2.5%  isoflurane  with  30%  oxygen  was 
administered  via  a  nose-cone  device  for  the  duration  of  surgery. 
A  rectal  probe  and  heating  blanket  (Fine  Science,  Foster  City, 
CA)  were  used  to  maintain  rectal  temperature  at  37.0  ±  0.5°C. 
A  midline  scalp  incision  was  made  with  exposure  of  the 
parietal  bone.  A  left  parietal  craniotomy  was  performed  using  a 
high-speed  dental  drill  (Henry  Schein,  Melville,  NY).  A  brain 
temperature  probe  was  placed  in  the  contralateral  temporalis 
muscle  with  temperature  maintained  at  37.0  +  0.5°C.  Rats  were 
allowed  a  30-min  period  of  stable  brain  and  rectal  temperatures 
prior  to  TBI. 

TBI  was  performed  using  the  controlled  cortical  impact 
(CCI)  device  (Pittsburgh  Precision  Instruments,  Pittsburgh, 
PA)  as  previously  described  (Dixon  et  al.,  1991)  with 
modification  of  settings.  Briefly,  injury  was  produced  using 
a  6-rnm  metal  impactor  tip  that  is  pneumatically  driven  in  the 
vertical  plane  into  the  parietal  cortex.  CCI  settings  included  a 
depth  of  penetration  of  1.5  mm,  a  velocity  of  5.5  ±  0.3  m/s, 
and  a  duration  of  deformation  of  50  ms.  Following  injury, 
the  bone  flap  was  replaced,  the  craniotomy  sealed  with  an 
acrylic  mixture  (Koldmount,  Albany,  NY),  and  the  scalp 
incision  was  closed  with  interrupted  sutures.  At  the  comple¬ 
tion  of  surgery,  isoflurane  was  discontinued,  and  rats  were 
awakened  and  returned  to  their  cages.  Sham  rats  (blank 
implanted)  underwent  identical  surgeries,  with  the  exclusion 
of  the  CCI. 
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Mitochondrial  isolation 

One  hour  after  CCI,  forebrains  were  quickly  removed, 
separated  into  left  and  right  hemispheres,  and  placed  in  ice-cold 
isolation  buffer.  Mitochondria  (non-synaptosomal  plus  synap¬ 
tosomal)  were  isolated  as  previously  described  (Starkov  et  al., 
2004)  using  digitonin  to  disrupt  synaptosomal  membranes. 
Isolated  mitochondria  were  kept  on  ice  for  the  duration  of  the 
experimental  protocols. 

Mitochondrial  studies  were  conducted  on  three  groups: 
sham  (blank  implanted,  n  =  8),  TBI  vehicle  (blank  implanted, 
n  =  8),  and  TBI-treated  (low  level  progesterone  implanted,  n  = 
8).  A  separate  cohort  of  uninjured  rats  was  used  to  evaluate 
potential  hormonal  effects  on  mitochondrial  respiration  unre¬ 
lated  to  injury.  These  rats  underwent  ovariectomy  and 
implantation  of  either  progesterone  or  vehicle  (n  =  3/group). 
Seven  to  ten  days  after  ovariectomy  and  implant,  forebrain 
mitochondria  were  isolated  without  separation  of  hemispheres 
and  were  analyzed. 

Mitochondrial  respiration 

Mitochondrial  oxygen  consumption  was  measured  using  a 
Clark-type  oxygen  electrode  (Hansatech  Instruments/PP  Sys¬ 
tems,  Amesbury,  MA).  Assays  were  conducted  at  37°C  at  a 
pH  of  7.0  in  a  KC1  medium  (125  mM  KC1,  2  mM  KH2P04, 
and  20  mM  Hepes-KOH).  Mitochondria  (0.5  mg/ml)  were 
added  to  the  chamber  supplemented  with  5  mM  glutamate,  5 
mM  malate,  1  mM  MgCE,  and  1  |iM  EGTA  in  a  total  volume 
of  0.5  ml.  State  3  respiration  was  initiated  by  the  addition  of 
0.4  mM  ADP,  and  State  40  respiration  was  induced  by  the 
addition  of  the  ATP  synthetase  inhibitor  oligomycin  (2.2  pg/ 
ml).  State  4  respiration  measured  in  the  presence  of 
oligomycin  (State  40)  is  not  equivalent  to  the  traditional  State 
4  respiration  measured  after  all  ADP  has  been  converted  to 
ATP.  However,  for  our  measurements,  we  wanted  to  eliminate 
the  contribution  of  ATP  cycling  via  hydrolysis  by  contami¬ 
nating  ATPases  and  resynthesis  by  mitochondrial  ATP 
synthetase.  Thus,  the  oligomycin-induced  State  40  rate  of 
respiration  reflects  mitochondrial  proton  cycling  limited  by 
passive  proton  leakiness  of  the  inner  membrane.  Mitochon¬ 
drial  respiratory  energy  coupling  was  evaluated  by  determin¬ 
ing  the  respiratory  control  ratio  (RCR),  calculated  as  the  ratio 
of  the  rate  of  ADP-stimulated  State  3  respiration  to  the  State 
4„  rate  in  the  presence  of  oligomycin. 

Hippocampal  cell  counts 

At  7  days  after  TBI,  rats  were  anesthetized  using  an 
overdose  of  sodium  pentobarbital  (100  mg/kg,  ip)  and 
transcardially  perfused  with  saline  containing  2%  sodium 
nitrite  followed  by  fixation  with  acrolein  (2.5%)  in  parafor¬ 
maldehyde  (4%)  in  a  phosphate  buffer  (Hoffman  et  al.,  2001). 
Four  groups  were  analyzed  for  hippocampal  cell  counting: 
sham  (blank  implanted,  n  =  7),  TBI  vehicle  (blank  implanted, 
n  =  9),  TBI  treated  with  low  level  progesterone  (n  =  8),  and 
TBI  treated  with  high  level  progesterone  («  =  7).  Brains  were 


removed  and  placed  in  25%  sucrose  solution  until  they  sunk 
(2-4  days).  This  resulted  in  comparable  amounts  of  shrinkage 
among  all  of  the  animals  studied.  Brains  were  sectioned 
coronally  (30  pm)  using  a  freezing  microtome  (Leica, 
Bannockburn,  1L)  and  were  placed  into  antifreeze  cryoprotec- 
tant  solution  for  storage  at  — 20°C  in  a  1:6  series.  For  analysis 
of  neuronal  cell  counts  using  NeuN  labeling,  a  standard  free- 
floating  immunocytochemistry  protocol  was  used  as  previ¬ 
ously  described  (Hoffman  et  al.,  2001).  Briefly,  sections  were 
rinsed  thoroughly  to  remove  cryprotectant  with  potassium 
phosphate-buffered  saline  (KPBS),  incubated  with  sodium 
borohydride,  then  rinsed  again  with  KPBS.  Sections  were  then 
incubated  with  the  primary  antibody,  mouse  monoclonal  anti- 
NeuN  (1:70,000,  Chemicon,  Temecula,  CA),  in  KPBS  with 
0.4%  Triton-X  for  1  h  at  room  temperature  then  for  24  h  at 
4°C.  Sections  were  then  rinsed  with  KPBS  and  incubated  with 
the  secondary  antibody,  biotinylated  horse  anti-mouse  anti¬ 
body  (1:600)  in  KPBS  with  0.4%  Triton-X  for  1  h.  After 
rinsing  again  in  KPBS,  slices  were  prepared  with  the 
VectorStain  Elite  ABC  kit.  Following  a  series  of  rinses  with 
KPBS  and  sodium  acetate  (0.175M),  the  slices  were  then 
placed  into  a  Ni-DAB  H2O2  chromogen  solution  (250  mg  Ni 
sulfate,  2  mg  DAB,  and  8.3  pi  3%  H2O2/10  ml  0.175  sodium 
acetate  solution).  Staining  was  terminated  by  transferring  to 
the  sodium  acetate  solution.  Stained  slices  were  then  mounted 
on  slides  for  quantification. 

For  quantification  of  hippocampal  neuronal  cells,  analyses 
were  performed  with  a  computer-assisted  image  analysis 
system  consisting  of  a  Nikon  Eclipse  800  photomicroscope,  a 
Retiga  EX  digital  camera  (Biovision  Technologies),  and  a 
Macintosh  G4  computer  with  IP  Spectrum  software  (Scien¬ 
tific  Image  Processing,  Scanalytics,  Fairfax,  VA).  Using  40  x 
magnification,  an  equivalent  slice  through  the  hippocampus 
in  the  CA1  and  CA3  subfields  from  both  ipsilateral  and 
contralateral  hemispheres  was  analyzed.  In  order  to  provide 
consistency,  the  section  selected  for  analysis  was  the  section 
of  hippocampus  directly  beneath  the  central  area  of  cortical 
injury  in  each  rat.  In  each  analyzed  subfield,  the  numbers  of 
normally  stained  NeuN  neurons  were  counted.  Two  40  x 
fields  were  analyzed  per  hippocampal  subfield  on  both  sides 
in  every  rat. 

Normally,  NeuN  is  localized  in  the  nucleus.  If  present  in  the 
neuronal  cytoplasm,  the  intensity  of  staining  is  less  than  in  the 
nucleus.  When  neurons  are  injured,  the  nuclear  NeuN  becomes 
either  fragmented  or  reduced,  whereas  cytoplasmic  NeuN 
remains  stable,  thus  altering  the  relative  intensities  of  the 
nucleus  to  the  cytoplasm.  These  changes  are  associated  with 
the  emergence  of  TUNEL  reactivity  (Hoffman  et  al.,  2001)  and 
with  cresyl  violet  changes  associated  with  acute  ischemic 
neuronal  death  (Vereczki  et  al.,  in  press).  Therefore,  for  this 
study,  neurons  with  more  intense  nuclear  reactivity  relative  to 
the  cytoplasm  were  counted  as  “normal”.  Those  that  displayed 
either  fragmentation  of  NeuN  in  the  nucleus,  or  intensity  of 
cytoplasmic  NeuN  that  was  greater  than  nuclear  NeuN,  were 
considered  “abnormal”  and  were  not  counted.  Data  are 
expressed  as  the  ratio  of  “normal”  cells  on  the  ipsilateral  over 
contralateral  side  (as  percent). 
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Cortical  tissue  loss  analysis 

Quantitative  analysis  of  cortical  tissue  loss  was  performed 
on  the  same  sections  prepared  as  above  with  NeuN  staining.  To 
ensure  that  identical  rostral  caudal  levels  were  obtained  for 
each  side  (since  shifts  due  to  edema  could  skew  the  left -right 
symmetry),  levels  where  the  optic  tract  length  matched  on  each 
side  were  selected.  An  image  of  the  side  of  interest  was 
captured  with  a  lx  objective,  and  the  total  cell-rich  area 
(cortical  layers  2-5,  in  square  pm)  was  determined,  starting 
with  the  rhinal  fissure  up  to  the  central  sulcus.  The  area 
included  was  calculated  by  the  software,  and  standard 


stereological  calculation  of  volume  (area  x  distance  between 
sections)  was  performed. 

In  order  to  control  for  the  contribution  of  any  edema 
distortion  of  tissue  size,  a  separate  measurement  was  used.  On 
the  same  section  analyzed  for  cortical  area,  a  rectangle  whose 
length  extended  from  the  white  matter  underlying  the  cortex  to 
the  outer  surface  of  the  cortex,  and  from  the  center  of  the  rhinal 
fissure  to  the  beginning  of  the  pyramidal  cell  layer  of  the 
somatosensory  cortex,  was  drawn  immediately  superior  to  the 
rhinal  fissure  (Fig.  1).  The  area  of  this  rectangle  was  calculated 
by  the  software,  and  this  was  compared  between  ipsilateral 
(injured)  and  contralateral  sides,  yielding  an  edema  factor  ratio, 
used  in  correcting  the  cortical  tissue  volume  loss  calculations. 


Fig.  1.  Low-powered  magnification  of  a  photomicrograph  from  the  ipsilateral 
(A)  and  contralateral  (B)  rhinal  fissure  region.  The  boxes  represent  the 
rectangular  area  used  on  each  side  for  correction  of  distortion  of  tissue  due  to 
edema.  The  ratio  of  the  area  of  this  box  (ipsilateral/contralateral)  was  used  to 
correct  cortical  tissue  volume  loss  calculations. 


Statistics 

Data  are  expressed  as  mean  ±  standard  error  of  the  mean 
(SEM).  Data  between  groups  were  compared  using  one-way 
analysis  of  variance  (ANOVA)  with  post-hoc  individual  two- 
way  comparisons  made  using  Fisher’s  LSD  test.  Non-paramet- 
ric  data  across  groups  were  compared  using  the  Kruskal- 
Wallis  test.  Comparisons  with  a  P  <  0.05  were  considered 
significant.  Statistical  analysis  was  performed  using  Sigma  Stat 
(SPSS,  Chicago,  1L)  and  GB-Stat  Software. 

Results 

Mitochondrial  respiration 

In  normal  uninjured  rats,  progesterone  did  not  alter  rates  of 
mitochondrial  respiration.  There  were  no  differences  in  State  3 
and  State  40  respiratory  rates  or  in  the  respiratory  control  ratio 
in  the  presence  of  the  NAD-linked  oxidizable  substrates 
glutamate  and  malate.  The  respiratory  control  ratio  in  uninjured 
blank-implanted  rats  was  7.8  ±  1.1  and  in  progesterone- 
implanted  rats  was  7.3  ±  0.7  (P  =  NS  between  groups).  There 
was  also  no  difference  in  respiratory  rates  in  the  presence  of  the 
FAD-linked  substrate  succinate,  with  rotenone. 

After  TBI,  mitochondria  isolated  from  the  left  (ipsilateral) 
cortex  in  blank-implanted  rats  had  a  reduction  in  the  respiratory 
control  ratio  (6.9  ±  0.7  vs.  9.5  +  0.8  in  sham  rats,  P  <  0.05,  Fig. 
2A).  Progesterone  completely  reversed  this  reduction,  with 
respiratory  control  ratios  similar  to  sham  rats  (10.0  ±  1.1,  Fig. 
2A).  The  TBI-induced  reduction  in  respiratory  control  ratio 
was  primarily  a  result  of  uncoupling,  with  comparable  State  3 
rates  across  groups  (Fig.  2B)  but  a  trend  toward  increased  State 
4  rates  after  TBI  in  blank-implanted  rats  (Fig.  2C). 

Hippocampal  neuronal  cell  injury 

Representative  examples  of  high-power  photomicrographs 
from  the  CA1  subfield  of  ipsilateral  hippocampus  in  blank- 
implanted  versus  progesterone-treated  rats  after  TBI  are  seen  in 
Fig.  3.  This  figure  shows  two  main  patterns  of  hippocampal 
neuronal  cell  injury  in  blank-implanted  rats  (Figs.  3A  and  B) 
compared  to  the  relatively  normal  NeuN  staining  seen  in 
progesterone-treated  rats  (Fig.  3C).  The  first  type  of  hippo- 
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Fig.  2.  Low  range  physiologic  progesterone  (P3)  reversed  the  postinjury 
reduction  in  mitochondrial  RCR.  Isolated  mitochondria  (0.5  mg/ml)  were 
incubated  at  37°C  with  5  mM  glutamate  and  5  mM  malate  in  a  KC1  medium 
(125  mM  KC1,  2  mM  KH2PO4,  and  20  mM  Hepes-KOH;  supplemented  with  1 
mM  MgCl2  and  1  pM  EGTA).  State  3  respiration  was  initiated  by  the  addition 
of  0.4  mM  ADP.  State  4  respiration  was  induced  by  the  addition  of  oligomycin 
(2.2  pg/ml).  The  respiratory  control  ratio  (RCR)  was  determined  as  a  ratio  of 
State  3  to  State  4  rates.  The  RCR  was  6.9  +  0.7  in  blank-treated  rats  ipsilateral 
to  injury,  as  compared  to  9.5  ±  0.8  in  sham  and  10.0  ±  1.1  in  progesterone- 
treated  rats  (A,  P  <  0.05  by  ANOVA,  *P  <  0.05  blank  vs.  sham  and 
progesterone,  P  =  NS  sham  vs.  progesterone).  State  3  was  not  significantly 
different  across  groups  (B,  P  =  NS  by  ANOVA).  There  was  a  trend  toward  a 
difference  in  State  4  rates  when  comparing  ipsilateral  samples  across  groups  (C, 
P  =  0.10  by  Kruskal- Wallis).  Data  are  expressed  as  mean  ±  SEM. 


campal  injury  involved  a  generalized  loss  of  neurons  (Fig.  3  A) 
and  the  presence  of  many  abnormally  stained  neurons  in  those 
remaining  (arrowheads  in  insert).  The  second  type  of  pattern 
seen  in  some  rats  involved  preservation  of  total  neuronal 
numbers  (Fig.  3B),  but  with  an  abundance  of  abnormally 


stained  neurons  (arrowheads  in  insert),  representing  injured 
neurons  that  would  likely  die  in  subsequent  days.  Progester¬ 
one-treated  rats  (Fig.  3C)  had  both  preservation  of  total 
numbers  of  neurons  and  very  few  abnormally  stained  cells, 
with  hippocampal  NeuN  labeling  that  was  similar  to  contra¬ 
lateral  and  sham-operated  rats  (data  not  shown). 

TB1  resulted  in  significant  neuronal  cell  injury  in  the 
ipsilateral  hippocampus,  with  ~35%  reduction  in  normal 
neurons  in  the  CA1  subfield  (Fig.  4A)  and  ~43%  reduction 
in  the  CA3  subfield  (Fig.  4B)  of  blank-implanted  rats  ( n  =  9) 
compared  to  the  contralateral  hemisphere.  Low  level  proges¬ 
terone  ( n  =  8)  almost  completely  protected  against  this  cell 
injury  in  both  subfields,  with  normal  hippocampal  cell  counts 


Fig.  3.  Representative  photomicrographs  at  high-powered  magnification  of  the 
CA1  subfield  of  the  hippocampus  stained  for  NeuN  from  ipsilateral  hemi¬ 
spheres  in  blank-treated  (A,  B)  and  low  range  progesterone-treated  (C)  at  7 
days  after  TBI.  In  panel  A,  a  blank-implanted  rat  shows  a  marked  reduction  in 
total  hippocampal  neurons  seen  with  NeuN  labeling,  with  many  abnormally 
stained  neurons  (arrowheads  in  insert)  and  few  normally  stained  neurons  (arrow 
in  insert)  among  remaining  cells.  In  panel  B,  a  blank-implanted  rat  shows  a 
normal  cell  density  but  an  abundance  of  abnormally  stained  neurons  (arrow¬ 
heads  in  insert).  Panel  C  shows  a  progesterone-treated  rat  with  preservation  of 
normal  cell  numbers  and  a  predominance  of  normal  NeuN  staining  (arrows  in 
insert). 
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Fig.  4.  Progesterone  treatment  preserved  hippocampal  neuronal  cells  at  7  days 
after  TBI.  Cell  counts  are  expressed  at  the  neurons  per  high-powered  field 
(HPF)  on  the  ipsilateral  over  contralateral  (%)  in  the  CA1  (A)  and  CA3  (B) 
subfields.  Low  range  progesterone  (P3)  showed  hippocampal  preservation  with 
cell  counts  similar  to  sham-operated  control  rats  in  both  CA1  (A)  and  CA3  (B) 
subfields.  High  range  progesterone  (P6)  preserved  hippocampal  neurons  in  the 
CA3  region,  but  not  the  CA1  region.  Data  are  expressed  as  mean  ±  SEM.  *P  < 
0.05  versus  sham  and  P3,  **P  <  0.05  versus  sham,  P3,  and  P6. 

in  the  ipsilateral  hemisphere  similar  to  contralateral  and  sham 
rats  (Fig.  4).  High  level  progesterone  («  =  7)  was  protective  in 
the  CA3  region  but  failed  to  significantly  reduce  neuronal 
injury  in  the  CA1  region  (Fig.  4). 

Cortical  tissue  loss 

TBI  resulted  in  an  approximately  35-45%  hemispheric 
volume  loss  on  the  side  ipsilateral  to  injury.  This  was 
significantly  greater  than  sham  (/;  =  7)  for  all  groups.  Blank- 
implanted  rats  ( n  =  9)  had  a  37  ±  7%  hemispheric  volume  loss 
at  7  days  after  injury.  Low  range  progesterone-treated  rats  (/;  = 
8)  had  a  lower  mean  tissue  loss  at  31  ±  7%,  and  high  range 
progesterone-treated  rats  ( n  =  7)  had  a  higher  mean  tissue  loss 
at  45  ±  10%.  However,  neither  of  these  was  significantly 
different  from  blank-implanted  rats  (Fig.  5). 

Discussion 

The  results  of  this  study  demonstrate  that  progesterone  in 
the  low  range  of  physiologic  levels  is  neuroprotective  in  TBI  in 
ovariectomized  female  rats.  Progesterone  in  the  high  physio¬ 
logic  range  had  a  more  limited  pattern  of  hippocampal  neuronal 
preservation.  We  also  demonstrated  that  progesterone  reverses 


early  postinjury  alterations  in  mitochondrial  respiration.  To  our 
knowledge,  this  is  the  first  report  to  directly  evaluate  the 
neuroprotective  effects  of  sex  hormones  on  postinjury  mito¬ 
chondrial  function. 

There  are  several  potential  mechanisms  to  explain  this  early 
influence  of  progesterone  on  mitochondrial  respiration.  First, 
progesterone  has  antioxidant  properties.  Oxidative  injury 
begins  early,  within  minutes,  after  TBI,  and  mitochondria  are 
important  intracellular  targets  of  reactive  oxygen  and  nitrogen 
species  (reviewed  in  Lewen  et  al.,  2000).  Specifically,  lipid 
peroxidation  could  lead  to  loss  of  mitochondrial  membrane 
integrity  with  resultant  uncoupling  of  mitochondrial  respira¬ 
tion.  Progesterone  treatment  attenuated  the  induction  of  lipid 
peroxidation  in  hippocampal  neurons  exposed  to  FeS04  and 
amyloid  (i-peptide  (Goodman  et  al.,  1996),  and  progesterone 
reduced  markers  of  lipid  peroxidation  in  the  brain  following 
TBI  in  male  rats  (Roof  et  al.,  1997).  Second,  progesterone  may 
have  a  more  direct  structural  effect  on  membrane  phospholi¬ 
pids.  A  review  by  Roof  et  al.  suggested  that  progesterone 
intercalates  into  membranes  and  directly  protects  them  from 
free  radical  injury  (Roof  and  Hall,  2000).  One  study  of  spinal 
cord  neurodegeneration  in  Wobbler  mice  showed  intense 
mitochondrial  vacuolation  with  disruption  of  the  outer  and 
inner  mitochondrial  membranes  that  was  reversed  with 
progesterone  (Gonzalez  Deniselle  et  al.,  2002).  Lastly,  it  is 
possible  that  some  of  the  progesterone-mediated  effects  on 
oxidative  stress  are  indirect  through  other  important  pathologic 
pathways.  For  example,  glutamate-mediated  influx  of  calcium 
can  activate  intracellular  free  radical  production,  and  proges¬ 
terone  has  been  shown  to  inhibit  excitatory  amino  acid 
response  (Smith,  1991;  Smith  et  al.,  1987).  Progesterone 
inhibition  of  excitotoxic  stimulation  could  also  spare  mito¬ 
chondria  from  the  respiratory  uncoupling  and  other  sequelae 
caused  by  pathologic  mitochondrial  Ca2+  accumulation 
(reviewed  in  Sullivan  et  al.,  2005). 


Fig.  5.  Progesterone  treatment  did  not  alter  lesion  volume  at  7  days  after  TBI. 
Lesion  volume  is  expressed  as  percent  contralateral  (non-trauma  hemispheric 
volume  minus  trauma  hemispheric  volume/non-trauma  hemispheric  volume), 
with  trauma  hemispheric  volume  corrected  for  edema  as  described  in  text. 
Cortical  tissue  loss  on  the  side  ipsilateral  to  injury  was  not  different  when 
comparing  blank  (open  bar),  low  dose  progesterone  (P3,  striped  bar),  and  high 
dose  progesterone  (P6,  gray  bar,  P  =  NS  by  ANOVA).  All  injury  volumes  were 
significantly  greater  than  sham  (*P  <  0.01,  blank/P3/P6  versus  sham).  Data  are 
expressed  as  mean  ±  SEM. 
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Progesterone’s  ability  to  prevent  secondary  neuronal  death  in 
vulnerable  subpopulations  of  neurons  has  been  shown  in 
several  animal  models  of  brain  injury  (Gonzalez- Vidal  et  al., 
1998;  Cervantes  et  al.,  2002;  Hoffman  et  al.,  2003).  In  TB1 
models,  progesterone  and  its  metabolite  allopregnanolone 
reduced  secondary  neuronal  loss  (Djebaili  et  al,  2004;  He  et 
al.,  2004a, b;  Roof  et  al.,  1994).  The  ability  of  progesterone  to 
preserve  vulnerable  neurons  in  any  form  of  brain  injury  is 
strongly  influenced  by  the  dosing  regimen  used.  In  the  present 
study,  we  used  an  ovariectomy  approach  to  eliminate  any 
potential  confounding  effects  of  endogenous  estrogen  as  we 
evaluated  the  role  of  endogenous  levels  of  progesterone  at  the 
time  of  TBI.  We  recognize  that  this  also  eliminates  the 
significant  estrogen  induction  of  progesterone  receptors  shown 
in  certain  brain  regions.  However,  progesterone  activity  can 
still  be  detected  in  the  absence  of  estrogen  (Le  et  al.,  1997), 
and  there  are  many  important  receptor-independent  actions  of 
progesterone. 

We  found  that  only  low  physiologic  progesterone  was  able  to 
protect  both  CA1  and  CA3  hippocampal  subfields.  High 
physiologic  progesterone  preserved  CA3  neurons,  but  the  loss 
of  normal  CA1  cells  was  similar  to  blank- implanted  rats  (28% 
cell  loss  versus  36%  in  blank-treated  rats).  This  dose-response 
relationship  is  similar  to  previous  work  in  our  laboratory,  in 
which  only  rats  with  serum  progesterone  in  the  low  physiologic 
range  had  a  reduction  in  kainic-acid-induced  seizure  severity 
(Hoffman  et  al.,  2003).  The  exact  reason  for  the  reduced 
protection  at  higher  progesterone  levels  remains  unclear.  It  may 
relate  to  differences  in  GABA  innervation  between  CA1  and 
CA3  subfields  of  the  hippocampus.  It  is  also  possible  that  the 
conversion  of  progesterone  to  allopregnanolone  is  altered  at 
higher  progesterone  doses  and  may  demonstrate  biologic 
variability  (George  et  al.,  1994).  Another  possibility  is  that 
higher  progesterone  doses  may  lead  to  GABA  receptor  down- 
regulation  or  desensitization  (Yu  et  al.,  1996).  Studies  have 
shown  alterations  in  GABAa  receptor  subunit  expression  and 
function  with  long-term  progesterone  exposure  and  withdrawal, 
which  varied  by  brain  region  (summarized  in  Biggio  et  al. ,  200 1 ; 
Follesa  et  al.,  2004). 

Other  investigators  have  stressed  the  importance  of  dose  in 
relationship  to  progesterone  neuroprotection  in  animal  models. 
One  study  of  focal  brain  ischemia  used  ovariectomized  female 
rats  to  evaluate  the  effects  of  acute  and  chronic  progesterone 
treatment  (Murphy  et  al.,  2000).  They  showed  no  effect  on 
overall  cortical  infarct  volume  with  acute  high  range  physio¬ 
logic  and  supraphysiologic  progesterone  treatment  approaches. 
Importantly,  chronic  progesterone  exposure  at  high  doses 
actually  exacerbated  infarct  volume  in  the  striatum.  A  series 
of  studies  by  the  laboratory  of  Stein  et.  al.  have  defined  the 
optimal  timing,  dose,  and  duration  of  progesterone  treatment 
after  TBI  in  intact  male  rats  (Goss  et  al.,  2003;  Roof  et  al.,  1996; 
Shear  et  al.,  2002).  Although  not  directly  comparable  to  the 
current  study  of  ovariectomized  female  rats,  these  studies  do 
highlight  the  importance  of  attention  to  dosing  approach.  One 
study  suggested  that  the  highest  doses  of  progesterone  (32  mg/ 
kg)  may  have  been  detrimental  to  a  subset  of  animals,  while 
other  doses  (8  and  16  mg/kg)  improved  behavioral  outcome 


(Goss  et  al.,  2003).  In  order  to  improve  our  understanding  of  the 
potentially  complex  mechanisms  of  progesterone  neuroprotec¬ 
tion,  close  attention  will  need  to  be  paid  to  the  dosing  approach, 
especially  as  comparisons  are  made  between  studies. 

Despite  preservation  of  hippocampal  neurons,  we  were 
unable  to  demonstrate  a  protective  effect  of  progesterone  on 
cortical  tissue  loss  at  the  site  of  injury.  Although  most  studies 
in  brain  ischemia  demonstrated  reduced  infarct  volume  with 
progesterone  (Alkayed  et  al.,  2000;  Gibson  and  Murphy,  2004; 
Jiang  et  al.,  1996;  Kumon  et  al.,  2000;  Murphy  et  al.,  2002), 
many  studies  in  TBI  have  not  been  able  to  show  significant 
reduction  in  cortical  tissue  loss  with  progesterone  treatment 
(Djebaili  et  al.,  2004;  Goss  et  al.,  2003;  Roof  et  al.,  1994).  The 
exact  reasons  for  this  are  not  completely  understood  but  may 
relate  to  timing  of  cell  death  after  injury,  with  the  necrotic 
cortical  tissue  loss  occurring  more  rapidly  than  the  hippocam¬ 
pal  cell  death  (Conti  et  al.,  1998;  Hall  et  al.,  2005;  Yakovlev  et 
al.,  1997).  Progesterone  acts  through  both  progesterone- 
receptor-dependent  and  receptor-independent  mechanisms. 
The  receptor-independent  pathways  may  be  important  imme¬ 
diately  after  TBI,  while  the  receptor-dependent  pathways 
likely  become  important  later,  with  alterations  in  nuclear  gene 
expression.  In  addition,  progesterone  binding  receptors  have 
been  identified  at  both  the  cellular  membrane  and  the  nucleus 
in  the  intact  brain  (Krebs  et  al.,  2000).  A  study  of  spinal  cord 
injury  demonstrated  that  these  two  progesterone  receptor  types 
are  very  different  in  response  to  injury  and  exogenous 
hormone  treatment  (Labombarda  et  al.,  2003). 

There  are  several  potential  limitations  of  this  study.  First, 
we  cannot  propose  a  direct  correlation  between  the  early 
neuroprotective  actions  of  progesterone  on  mitochondrial 
function  and  the  preservation  of  hippocampal  neurons.  Due 
to  technical  feasibility,  we  are  unable  to  obtain  sufficient 
mitochondria  for  in  vitro  analysis  from  the  unilateral 
hippocampus  of  one  rat.  The  mitochondrial  preparation  in 
these  studies  is  composed  predominantly  of  cortical  tissue, 
with  ipsilateral  hippocampal  neurons  only  contributing  a  small 
fraction  of  mitochondria.  Therefore,  these  two  findings  may 
have  different  mechanistic  explanations.  Second,  as  described 
above,  we  did  not  evaluate  long-term  neurologic  outcome. 
Although  significant  hippocampal  preservation  has  been 
correlated  with  improved  memory  and  learning  in  various 
studies  (Lee  et  al.,  2004),  we  do  not  know  if  the  degree  of 
hippocampal  preservation  seen  in  the  present  study  would 
translate  into  meaningful  behavioral  improvement,  especially 
in  the  absence  of  significant  cortical  tissue  preservation. 
Lastly,  this  study  was  designed  to  evaluate  the  effects  of 
physiologic  levels  of  progesterone  during  and  following  TBI. 
As  a  result,  progesterone  was  present  in  the  pre-injury  period. 
In  order  to  extend  these  findings  for  clinical  relevance,  we 
would  need  to  evaluate  similar  levels  of  supplemental 
progesterone  given  postinjury. 

In  conclusion,  our  data  show  that  low  range  physiologic 
progesterone  is  protective  in  TBI  in  female  rats,  with  reversal 
of  early  mitochondrial  dysfunction  and  a  reduction  in  long¬ 
term  hippocampal  neuronal  loss.  We  see  moderate,  but  less 
substantial,  protection  with  high  range  physiologic  progester- 
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one.  These  findings  have  implications  in  understanding  the 

sex-based  differences  in  outcome  following  acute  brain  injury. 
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